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ABSTRACT 
Variability of quality parameters between Australian wheat varieties grown in different 
locations and seasons causes difficulties in delivering uniform grains with consistent quality to 
local and international markets and in predicting functional performance in food processing 
and human nutrition. The objective of this thesis is to assess the relative contributions of 
genotype (cultivar), environment and their interactions to variability of quality traits such as 
test weight, grain protein content, β-glucan, fructans, total starch content, total arabinoxylans 
(T-AX), water extractable arabinoxylans (WE-AX), water un-extractable arabinoxylans (WU-
AX), free, conjugated, bound and total phenolic acids.  
Three commercial Australian wheat (Triticum aestivum L.) varieties (Gregory, Janz and 
Peake) grown in 13 different geographic regions of Australia were used to examine wheat 
whole meal quality parameters. The grain samples were obtained from the National Variety 
Trials (NVT) conducted by the Australian Grains Research and Development Corporation 
(GRDC). 
Total starch, fructans, β-glucan and total T-AX were determined using Megazyme assay kits 
(Spectrophotometric analysis), arabinoxylan fractions were analysed using a 
spectrophotometric technique based on the orcinol-HCl method. Phenolic acid fractions were 
extracted using liquid nitrogen and analysed using a spectrophotometric technique based on 
Folin-Ciocalteau reagent and by high pressure liquid chromatography (HPLC) with 
measurements being made for individual phenolic acids in each fraction. Grain protein content 
and test weight were provided by NVT. The functionality of hard, soft and waxy wheat starch 
varieties, with and without the additions of WE-AX, was studied by a series of tests including 
thermal properties using Differential Scanning Calorimetry (DSC) and pasting properties 
using the Rapid Visco Analyser (RVA).  
All parameters measured and meteorological factors before and after flowering (temperature, 
rainfall and daily solar exposure) were analysed by statistical methods to deduce which factors 
influenced grain quality characteristics. The soil characteristics and fertilizers used were not 
available for all the locations, and because of the large number of missing values which could 
potentially bias the results of the correlation and regression analysis, these factors were not 
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included in the analysis. Variability of the quality traits and starch functionality was described 
in terms of the influence of genotype, environmental factors and their interactions. 
This study showed that genotype contributed significantly to variability of all the traits tested. 
Genotype strongly influenced T-AX and WU-AX. Arabinoxylans levels were shown to vary 
among wheat genotypes. The average ratio of arabinose to xylose was 0.6 for each of the three 
varieties and this might indicate similarities of the substitution pattern of the xylose backbone 
by arabinose residues of the three cultivars.  
Growth environment was the main contributor to the variability of total starch, grain protein, 
WE-AX, β-glucan and test weight. Growing conditions had strong significant correlations (α = 
0.01 and α = 0.001) with wheat grain protein, total starch, WE-AX, fructans and test weight. 
Growth conditions had moderately significant correlations (α = 0.05) with T-AX and WU-AX, 
while variability in WE-AX had an inverse and stronger correlations (α = 0.01 or α = 0.001) 
with the growing conditions compared to total AX and WU-AX. Arabinoxylan fractions (WE-
AX and WU-AX) differed in solubility and in their variability due to environmental factors. 
These differences might be related to their different molecular weights, the incomplete cross-
linking of WE-AX with other components, and to the loose binding of WE-AX to the cell wall 
surface.  
Genotype influenced all of the pasting properties of Gregory, Janz and Peake starches. The 
effects of growth conditions on starch pasting properties were significant on peak, breakdown 
and setback viscosities and pasting temperatures. Environmental temperature (minimum 
temperature days at   0  ) had negative correlations with pasting viscosities whereas total 
rainfall and average rainfall after flowering had positive correlations with setback viscosity.  
With regards to the addition of WE-AX to several wheat starches (Kukri, QAL2000 and QA-
WX-83), the RVA pasting viscosities (peak, trough, final and setback) were decreased, 
whereas the DSC onset and peak temperatures were increased, but the change in enthalpy was 
decreased. The pasting and the thermal profiles of Kukri, QAL2000, and QA-WX-83 with 
WE-AX, have shown that WE-AX compete with starch granules for water. 
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This study showed that phenolic acids are very variable compounds. The contents of free, 
conjugated, bound and total phenolic acids of whole meal flour from the same cultivar 
(Gregory, Janz and Peake) were different between locations and seasons. Cultivar was the 
main factor influencing free and bound phenolics of Gregory, Janz and Peake samples, which 
were grown in the 2010 season. Interactions between the genotype and the environment 
contributed strongly to conjugated and total phenolics. However, when two seasons were 
involved (2010 and 2012), genotype and all environmental factors had significant 
contributions to variability of soluble, conjugated, bound and total phenolic acids of Gregory 
and Janz samples (Peake was not planted in the 2012 season). Gregory cultivar had the highest 
amount of total phenolics in 2010 and 2012 seasons and its pattern did not change over the 
two seasons (the mean free phenolic concentrations tended to be consistently higher than 
bound and conjugated phenolics). Weather conditions in the 2010 season (average temperature 
before flowering, rainfall and solar exposure before and after flowering) influenced strongly 
conjugated and total phenolics. Weather conditions influenced all of the phenolic acids in the 
two seasons involved, 2010 and 2012.  
Benzoic acid derivatives (C6-C1) and cinnamic acid derivatives (C6-C3) followed different 
trends. The conjugated, bound, and free forms of 4-hydroxybenzoic acid, vanillic acid, 
syringic acid and sinapic acid all followed a similar trend with respect to growth location. The 
concentrations were highest in the conjugated form, less in the bound form, and least in the 
free form at all seven locations. On the other hand, the conjugated, bound, and free forms of p-
coumaric acid, caffeic acid and ferulic acid followed a consistently different trend to the other 
four phenolic acids with respect to location. The concentrations were highest in the bound 
form, less in the conjugated form, and least in the free form at all seven locations.  
In conclusion, this study showed that genotype, environment and their interactions influenced 
grain quality parameters. Both genotype and environmental factors influenced pasting 
properties of starch. Genotype was the main influencing factor to the variability of T-AX and 
WU-AX. WE-AX competed with Kukri, QAL2000 and QA-WX-83 starches for water and 
influenced RVA and DSC parameters. Genotype and all environmental factors contributed 
significantly to the variability of phenolic acids in wholemeal flour. 
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Chapter 1 Literature Review 
 
1.1 Historical perspective  
Cultivated wheats and their close wild relatives belong to the genus Triticum L. The genus 
Triticum has six species which are grouped into three sections: Sect. Monococcon (diploid 
species); Sect. Dicoccoidea (tetraploid species); and Sect. Triticum (hexaploid species). 
Triticum aestivum (AABBDD genome) is thought to have emerged through hybridization of 
T. turgidum with the wild wheat species Aegilops tauschii Coss. (DD genome). All Triticum 
species are native to the ‘Fertile  rescent’ of the Near East (Matsuoka, 2011).  
Wheat (Triticum aestivum L.) is a wild grass native to arid countries of western Asia (Iqbal et 
al., 2007) and it originated in Southwest Asia in the area known as the Fertile Crescent. The 
first type of wheat cultivated was einkorn (Atwell 2001). As related in a historical account, 
(Discover Collections, NSW State Library, 2012) wheat was introduced into Australia in 1788 
and the first wheat crop was sown at the Botanic Gardens in Sydney. The first harvests were 
not successful for many reasons including harsh environment, poor soil and lack of farming 
knowledge. The first successful wheat farming was attributed to James Ruse who was an 
experienced farmer and a First Fleet convict. When James Ruse gained his freedom, he 
requested a land grant at Rose Hill near Parramatta. Thanks to the success of his wheat crop in 
1789, Governor Arthur Phillip rewarded him with a 30 acre land grant at Rose Hill, which 
Ruse named Experiment Farm. The success of Ruse Experiment Farm paved the way for 
wheat to become Australia’s most important crop. The mid-19th century bore witness to a 
large increase in land areas set aside for cultivation. This led to Australia commencing wheat 
export in 1846 (Discover Collections, NSW State Library, 2012).  
William Farrer developed wheat varieties adapted for Australian conditions in the early 20th 
century. The most famous of the varieties he developed was ‘Federation’, which was released 
in 1903. Farrer’s work resulted in significant improvements in both the quality and crop yields 
of Australia’s national wheat harvest and for his contributions he was considered the father of 
the Australian wheat industry (Simmons, 1989). Flour exports were an essential part of the 
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wheat industry until around 1930s but after the Second World War Australia’s flour was no 
longer in demand because many of Australia’s export partners began setting up their own flour 
milling industries. However, in the 20th century, an increase in farm mechanization and the 
experimentation with new varieties of wheat, which resulted in hardier, pest and rust resistant 
crops, led the way for wheat to become Australia’s single most valuable agricultural product 
(Discover Collections, NSW State Library, 2012).  
1.2 Origin of wheat genomes  
The earliest cultivated forms of wheat were diploid (genome AA; einkorn) and tetraploid 
(genome AABB; emmer). The domestication of einkorn and emmer marked the start of the 
human transition from hunting and gathering societies to agrarian societies. The genetic 
relationships of einkorn and emmer indicate that they originated from the South-Eastern part 
of Turkey and it was from this area that the expansion of agriculture led to the spreading of 
domesticated einkorn and domesticated emmer across Asia, Europe and Africa (Dubcovsky & 
Dvorak, 2007). The most common cultivated wheat nowadays is hexaploid T. aestivum 
(genome AABBDD), or bread wheat, which was originated by interspecific hybridization of 
cultivated emmer wheat (T. turgidum ssp. Dicoccum, 2n = 4x = 28, genomes AABB) with 
Aegilops tauschii (2n = 2x = 14, genome DD). Aegilops tauschii has two subspecies: ssp. 
Strangulate and ssp. Tauschii (Caldwell et al., 2003).  
Taxonomically, wheat belongs to the genus Triticum of the family Poaceae (also called 
Gramineae); it includes several species forming a polyploid series, with a basic chromosome 
number (x) equal to 7, comprising diploid (2n = 2x = 14), tetraploid (2n = 4x = 28) and 
hexaploid (2n = 6x = 42) wheat. Today’s hexaploid commercial wheat contains three diploid 
genomes and they are named A, B and D according to the donor species, each of which 
consists of seven pairs of chromosomes during meiosis (The biology of T. Aestivum L. em 
Thell., 2008).  
These genomes contain both homologous and homoeologous chromosomes. Homologous 
chromosomes have similar size and shape, consist of the same genes in the same order, but 
may have different alleles. Homoeologous chromosomes have a similar gene content and 
order but diverge in repetitive DNA content (Figure 1.1) (The Moore Lab, 2012).The A 
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genomes of the hexaploid wheat are derived from the A genomes of the wild and cultivated 
einkorn (T. urartu), the D genomes are derived from the D genomes of T. tauschii and the B 
genomes are probably derived from the S genome present in the Sitopsis section of Aegilops, 
with Ae. speltoides being the closest extant species (Feldman 2001). Based on morophology 
and genome analysis, Aegilops has been divided into six sections: Sitopsis (Jaub, & Spach) 
Zhuk., Amblyopyrum (Jaub. & Spach) Eig, Polyeides Zhuk., Cylindropyum (Jaub. & Spach) 
Zhuk., Comopyrum (Jaub. & Spach) Zhuk., and Vertebrata Zhuk (Yamane and Kawahara, 
2005). 
 
Figure 0.1 
 
 
Figure 1.1: Homologous and homoeologous chromosomes. From The Moore Lab (2012). 
 
1.3 Wheat production 
Globally, wheat is an important food crop for humans and ranks second in total cereal 
production behind corn, with rice being the third (FAO, 2012). The success of wheat’s 
cultivation is due to its adaptation to diversified environments, being grown in all continents 
except Antarctica, ranging from upland sites in the tropics to the great plains of North America 
and steppes of Russia and the Ukraine. Although as many as 18 species of wheat have been 
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recognized in the world, only a few are of agricultural importance and only two species of 
wheat namely, Triticum aestivum (Bread wheat) and Triticum durum (Macaroni wheat), are 
being cultivated in Australia (Australian Bureau of Statistics). However, the main reason for 
wheat’s success is the ability of its gluten protein to be formed into cohesive dough which can 
be baked into breads or formed into many other products attractive to consumers. 
Consequently, gluten proteins have become the most widely and intensively researched group 
of plant proteins in the world (Shewry et al., 2001). In addition, wheat is used to produce 
vinegar, white wine, beer, alcohol, vodka and biofuel through fermentation. Other applications 
for wheat are the starch and gluten industries (Pomeranz, 1988).  
World wheat production was about 653 million metric tons in 2010/11 and about 217 million 
hectares (ha) of wheat were harvested in that year. The European Union (EU) and China are 
the largest wheat producers, accounting for around one third of total global output. China 
produces more wheat than any other country but it is also one of the largest importers (FAO 
2011). Wheat is the largest grain crop by production in Australia and its yield in 2010/11was 
26.3 million tones. Australia exports about A$4 billion worth of wheat each year, and accounts 
for 14 per cent of the world's export demand (Australian Government, Department of Foreign 
Affairs and Trade, 2012).  
1.4 Australian wheat grain varieties 
The traditional classes of Australian wheat are Australian Prime Hard (APH), Australian Hard 
(AH), Australian Premium White (APW), Australian Standard White (ASW), Australian 
Standard White Noodle (ASWN), Australian Soft (ASFT) and Australian Durum (ADR). The 
classification of each cultivar is made on the basis of quality data (such as grain 
characteristics, milling quality, dough rheology and performance in end products) and regional 
(that is a Classification Zone) basis (Wheat Classification Council, 2010). 
New South Wales (NSW) is the second highest wheat producing state in Australia after 
Western Australia, and winter and spring wheat are the two types grown in NSW. The main 
difference between the two types is that the winter wheat needs a period of low temperatures 
(vernalisation), between 0°C and 10°C, to trigger a switch from vegetative growth to 
flowering (anthesis) and the vernalisation period varies between winter wheat varieties. On the 
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other hand spring wheat, which represents the majority of wheat varieties grown in NSW, 
grows and develops in response to increasing temperature and photoperiods and therefore, it is 
grown in the warmer regions of NSW (NSW Department of Primary Industries, 2012).  
1.5 Grain properties related to quality 
The quality of wheat is based on grain structure and biochemical characteristics. Accordingly, 
quality is affected by wheat cultivars, climate and weather, harvesting conditions and 
processing technology (Carson and Nancy, 2009). Wheat quality can be defined as the 
suitability of a grain for a particular purpose. For example, wheat in the Prime Hard 
classification is distinctive for its high protein hard varieties, which are excellent for the 
production of bread and high protein noodles. On the other hand, Australian Soft Wheat is 
distinctive for its low protein soft varieties, which are excellent for the production of biscuits, 
cakes and pastries. The quality requirements for grain with different end uses can vary 
significantly. Australian Wheat Quality Standards for 2012-13, produced by Grain Trade 
Australia (GTA), are used by the industry when trading Australian wheat. Grain tests, which 
are applied to measure quality and ensure the high standards of Australian wheat grade 
classification are maintained, include moisture content, protein content, Falling Number, test 
weight, screenings, stained grains (for example, staining due to moist plant material) and 
hardness (Grain Trade Australia, 2012). 
1.6 Wheat grain anatomy 
In general wheat grains are oval shaped. The grain is between 5 and 9 mm in length, weighs 
between 35 and 50 mg and has a crease down one side where it was originally connected to 
the wheat floret (Baking Industry Research Trust, 2012). Kernel size varies by grain cultivar 
and by production conditions (Nafziger, 2012). Knowledge of grain morphology is needed to 
understand the various aspects of grain processing and how these affect flour performance in 
the production of the end products. The main groups of tissues that make up the kernel are 
illustrated in Figure 1.2, which shows that a wheat grain can be broadly divided into three 
components: endosperm, bran (outer and inner pericarp, testa layer, hyaline layer and aleurone 
layer) and embryo (germ) and in most varieties, the proportion of each component of the grain 
is 80-85% endosperm, 13-17% bran, and 2-3% germ (Belderok et al., 2000). 
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Figure 1.2: Structure of wheat grain. Adapted from Surget and Barron (2005) 
The total pericarp comprises about 5% of the grain and it is rich in xylans and insoluble fiber 
(Hemery et al., 2007 and Van den Bulck et al., 2002, 2005). The testa layer comprises about 
1% of the grain and is composed of mainly arabinoxylans and lignin (Hemery et al., 2007). 
Testa has almost all of the grain alkylresorcinols (Landberg et al., 2008), a class of phenolic 
lipids that exhibit antioxidant properties. Compared to the other peripheral layers, the aleurone 
layer is rich in proteins and enzymes, which play an important role in the germination process 
(Belderok et al., 2000). The aleurone layer, which covers both the starchy endosperm and the 
germ, contains most of the antioxidant potential of the grain (Mateo Anson et al., 2009).  
The endosperm together with the aleurone layer contribute more than 80% of the grain mass 
(Bechtel et al., 2009). Cell walls represent 2-7% of the endosperm tissue; they are thin and 
hydrophilic and principally formed of two polymers: arabinoxylans and (1,3)(1,4)-linked β-
glucans (Van den Bulck et al., 2002, 2005). Endosperm mainly contains food reserves for 
growth of the seedling. The endosperm is the functional material for making processed end 
products. Wheat endosperm contains about 60-75% starch, 1.5% lipids, 9-13% proteins and 
low percentages of minerals (0.5%) and dietary fiber (1.5%) (Belderok et al., 2000). The germ 
comprises 2.5 to 3.5% of the kernel and it is composed of the embryonic axis and the 
scutellum. The germ contains 25% protein, 8-13% lipids and 4.5% minerals (Cornell, 2003). 
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1.7 Constituents of wheat flour 
Wheat quality is determined by both major constituents, starch and protein, (Dupont and 
Altenbach, 2003) and minor constituents like lipids, enzymes and non-starch polysaccharides 
such as arabinoxylans (Goesaert et al., 2005). 
1.7.1 Grain proteins and lipids 
Grain protein content and composition are important contributors to grain quality (Gianibelli 
et al., 2001). The protein contents of wheat flour vary between 9% and 14% (Ferrao and 
Davanzo, 2005) and protein has a significant contribution in bread-making because of its 
unique elastic gluten complex (Iqbal et al. 2007). Gluten proteins represent about 80% of total 
protein in wheat grain and consist of gliadin and glutenin. Gliadins contribute mainly to the 
viscosity and extensibility of dough system whereas glutenins contribute to their elasticity 
(Wieser, 2007).  
Protein content and composition are influenced by genotypes and growth conditions (Blanco 
et al. 2006). Hasniza et al. (2013) have reported that growth conditions have significant 
contributions to variability of total grain protein, glutenin to gliadin (Glu:Gli) ratio, percent 
un-extractable polymeric protein (%UPP), swelling index of glutenin (SIG), dough properties 
including force at maximum resistance (Rmax) and extensibility (EXT) of wheat flour, 
whereas genotype has significant contribution to the variability of the content of soluble and 
insoluble extractable protein fractions.  
Although lipids are minor constituent of whole wheat grain they play an important role in 
nutritional value, processing and storability of grain (Konopka et al., 2004). Lipids constitute 
about 3-4% of the whole grain weight. The endosperm has about 1% crude lipids, which is 
approximately half of the total lipids content of the whole grain. The bran has about one-third 
of the total oil and the germ has the remainder (Becker, 2000). Lipid content and composition 
of wheat are affected by cultivar and growth conditions (Konopka et al., 2004).  
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As this research will focus on starch, non-starch polysaccharides and phenolic acids, the roles 
of the other constituents will not be considered further. 
1.7.2 Starch 
Wheat flour consists mainly of starch (70–75%) (Goesaert et al., 2005). Starch plays an 
essential role in appearance, structure and quality of food products. Starch occurs in the seed 
in the form of granules. Wheat has two types of two types of starch granules: large lenticular 
granules with a diameter of 10-35µm and small spherical granules with a diameter of 1-10 µm 
(Figure 1.3). The lenticular granules appear at about 4-7 days after anthesis. The small 
granules, representing about 88% of the total of granules, are initiated at about 10-30 days 
after anthesis (Peng et al., 1999).  
Starch consists of glucose molecules bound in two ways – α (1,4) and α (1,6) glycosidic 
linkages, which constitute amylose and amylopectin. Normal wheat starch typically contains 
20-30% amylose and 70-80% amylopectin (Konik-Rose et al., 2007). Amylose and 
amylopectin have different sizes, structures and properties (Figure 1.4). Amylopectin is the 
major constituent of most starches and has a highly branched structure. Its average molecular 
weight is about 10
7
 - 10
9
 Da (Jane et al., 2003). Amylose is essentially a linear molecule, with 
few branches, containing around 99% (1→4)-α- and up to 1% of (1→6)-α- linkages and 
differing in size and structure depending on botanical origin. Amylose has a molecular weight 
in the range of approximately 1 × 10
5
 - 1 × 10
6
 (Pham et al., 2006). Amylopectin is highly 
branched containing around 95% α-(1→4) and 5% α-(1→6) linkages. Amylopectin is one of 
the largest biopolymers with typical molecular weight 10–200 MDa (Massaux et al. 2008).  
Starch is biosynthesized through a series of enzyme-catalyzed processes. The isoforms of 
granule-bound starch synthase (GBSS) are considered to be responsible for the biosynthesis of 
the amylose fraction. GBSS adds glucose units to the non-reducing ends of amylose molecules 
and elongates maltoligosaccharides to form amylose (Smith, 2001). The synthesis of 
amylopectin involves combined activities of soluble starch synthase (SSS) together with 
branching (SBE) and de-branching enzymes (DBE). The SSS adds glucose units to the non-
reducing ends of amylopectin molecules and is considered to be responsible for the synthesis 
of unit chains of amylopectin (James et al., 2003). SBE is the key enzyme for the addition of 
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branching points during starch synthesis. It catalyzes the formation of α-1,6 branches within α-
glucan chains by cleaving internal α-1,4 links followed by reattachment of the cleaved glucan 
to another chain via an α-1,6 linkage (Ball and Morell, 2003).  
 
 
Figure 1.3: Wheat starch granules.  
Scanning electron micrographs of wheat starch granules from the central endosperm 
region: Panel (a) starch granules A and B packed in protein matrix, Panel (b) a 
magnified image of the area outlined by a white box in Panel (a). From Rahman et al. 
(2000). 
 
Protein matrix 
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Figure 1.4: Structure of Amylose and Amylopectin, source: Adapted from Tester and 
Karkalas (2002). 
1.7.2.1 Starch gelatinization and retrogradation 
As has been reviewed extensively (Copeland et al. 2009; Perez and Bertoft 2010) the periodic 
growth of wheat starch granules is represented by growth rings, which contain alternative 
zones of semi-crystalline and amorphous material (Jenkins et al., 1994; French, 1984), as 
shown in Figure 1.5. Li et al. (2003) indicated that the number and size of the growth rings are 
influenced by genotype of the starch granule.  
Gallant et al. (1997) proposed a more detailed granule structure model (Figure 1.6), in which 
the growth rings are composed of oval shaped structures called “blocklets”, stacked up on top 
of each other with sizes ranging from 20-500 nm in diameter, depending on starch origin and 
location in the granule. In this model, blocklets are made up of alternative crystalline and 
amorphous lamellae and embedded in an amorphous background material.  
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Figure 1.5: Internal structure of the starch granule. 
Starch internal structure showing amorphous and semi-crystalline growth rings: (a) 
stacks of semi-crystalline lamella are separated by amorphous growth rings, (b) lamellae, 
(c) crystalline lamellae contain areas of lined up double helices formed from amylopectin 
branches. The amylopectin branch points are located in the amorphous area. Adapted 
from Donald et al. (1997). 
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Figure 1.6: Blocklet model of the starch granule.  
(a) Alternating semi-crystalline and amorphous growth rings in a starch granule, (b) The 
alternating semi-crystalline and amorphous areas are made up of small spherical structures 
called ‘blocklets’ and there are radial channels passing through the blocklets structures. 
Blocklets in the semi-crystalline areas are larger than that in amorphous areas, (c) A blocklet is 
made up of alternating crystalline and amorphous lamellae, (d) Alternating semi-crystalline and 
amorphous lamellae of the blocket, which is caused by The semi-crystalline lamellae of 
amylopectin double helix clusters that alternate with the amorphous lamellae of amylopectin 
branch points, (e) Amylopectin double helices are organized into A- and B-type polymorphic 
structures in the crystalline lamellae. Adapted from Gallant et al. (1997).  
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A more recent model proposed that helical clusters are arranged perpendicularly to a backbone 
formed from the long amylopectin chains (Figure 1.7). Amylopectin chains are distinguished 
as external chains, which build up the crystalline lamellae, and internal chains found among 
the clusters of branches in the amorphous lamellae (Perez and Bertoft, 2010, Bertoft, 2013).  
  
Figure 1.7: Model of the backbone structure of amylopectin highlighting internal and 
external structures. C: crystalline lamella; A: amorphous lamella (Bertoft 2013).  
 
Changes occur to the starch granule structure during gelatinization and retrogradation. At 
room temperature, starch granules can absorb water up to 30% of their dry weight and swell to 
a limited extent. This process is reversible as long as the temperatures are below the 
gelatinization temperature (French, 1984). However, when the starch suspension is heated 
above the gelatinization temperature, the starch granules undergo an irreversible order-
disorder transition known as gelatininzation (Atwell et al., 1988). The exact temperature for 
gelatinization is dependent on the specific starch. In general wheat starch starts to gelatinize 
between 60°C and 70°C (Cooke and Gidley, 1992). 
Several techniques are available to study gelatinization, but the technique which is used often 
is differential scanning calorimetry (DSC). DSC measures heat loss or uptake by a material 
during phase transitions or reactions (Wang and Copeland, 2013). DSC is used to determine 
onset, peak, conclusion temperatures, temperature ranges, and enthalpy changes for crystallite 
melting during gelatinization. The extent of swelling and the endothermic transition measured 
by DSC depend on the amount of water in the mixtures (Wang and Copeland, 2012). The 
Rapid Visco Analyser (RVA) determines the viscous properties of cooked starch. The RVA 
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determines pasting temperature (initiation of paste formation) and peak, breakdown (extent of 
starch disintegration), setback (extent of gelation) and final viscosities (Deffenbaugh and 
Walker, 1989). RVA is used to study the swelling behaviour of starch heated in water with 
applied shear. The rate and the extent of swelling and breakdown are dependent on the type 
and amount of starch, the temperature gradient and shear force (Debet and Gidley, 2007). The 
heating and shear rate disrupt the starch granules and a starch paste with visco-elastic 
properties is formed. When starch suspensions are heated beyond their gelatinization 
temperatures, granule swelling and amylose leaching continue and this process is called 
pasting (Wang and Copeland et al. 2013). Depending on the extent of gelatinization, a starch 
paste consists of a continuous phase of solubilized starch (amylose and/or amylopectin), a 
discontinuous phase of granules remnants (unswollen granules, partial swollen granules, 
fragments of swollen granules, swollen starch aggregates) and retrogradated starch precipitates 
(Berski et al., 2011). 
Upon cooling, and at sufficiently high starch concentrations (> 6%, w/w), the starch paste is 
converted into a gel. During gelation and storage of starch gels, retrogradation occurs 
(Copeland et al. 2009). In this process the starch molecules begin to re-associate in an ordered 
structure, without regaining the original molecular order. Starch gelation commences by the 
crystallization of amylose molecules, which retrograde faster than the amylopectin molecules. 
Wang and Copeland (2013), reported that many factors influence the rate and the extent of 
gelatinization and retrogradation including the origin, type and concentration of the starch, the 
temperature, rate and duration of heating, magnitude of shear forces, and temperature, rate and 
time for cooling. In addition, interactions between starch and other constituents of foods can 
also influence gelatinization and retrogradation. Gelatinization and retrogradation are 
illustrated in Figure. 1.8. 
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Figure 1.8: Changes that occur in starch-water mixtures during heating, cooling and 
storage.  
(I) Native starch granules; (II) gelatinization, related to swelling (IIa) and amylose 
leaching and partial granule disruption (IIb), resulting in the formation of a starch 
paste; (III) retrogradation: on cooling, starch chains (mainly amylose) in the gelatinized 
paste form an amylose network (amylose retrograde within minutes to hours) (IIIa) 
during storage, the formation of ordered or crystalline amylopectin takes place over 
hours to days (IIIb) (Goesaert et al. 2005). 
 
1.8 Non-starch polysaccharides  
The non-starch polysaccharides (NSP) of cereal grains play an important role in food 
processing, end-product quality and human health (Kiszonas et al., 2013). The endosperm and 
aleurone cell walls of many cereals contain NSP, which can be divided into cellulose, β-
glucans, pectic substances and pentosans (Hill and Schooneveld-Bergmans, 2004; Eliasson 
and Larsson, 1993). Up to 75% of dry weight of wheat endosperm cell walls consists of NSP 
of which arabinoxylans (AX) are the principal group (85%) (Goesaert et al., 2005).  
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1.8.1 Arabinoxylans 
AX are non-starch polysaccharides, which are a major component of the cell walls of the 
endosperm of rye (7.1-12.2%), wheat (4-9%), barley (3.4-8.0%), corn (5.1-6.8%), oats (2.2-
4.1%) followed by rice (2.6%) and sorghum (1.8%). In cereal grains, AX are found mainly in 
the cell walls of starchy endosperm and the aleurone layer, in the bran tissues, and in the husk 
of some cereals. In wheat endosperm, cell walls represent 2-7% of the tissue and they are 
essentially formed of AX and (1,3)(1,4)-linked β-glucans polymers (Van den bulck et al., 
2002, 2005). The outer tissues of the kernel that make up bran are rich in AX, which may 
exceed 20–30% by weight of the cell wall (Wang et al 2006), with individual layers such as 
outer pericarp as high as 48% (Barron et al 2007). However, the content of AX in a particular 
tissue may vary depending on the genus and species. The amount of AX in cereals depends on 
genetic and environmental factors (Izydorczyk & Biliaderis, 2007). 
Even though AX belong to a minor carbohydrate fraction that occurs mainly in the outer cell 
layers of cereal grains, their water-binding and viscosity-enhancing properties are important 
for cereal-based biotechnological processes and applications such as bread-making, gluten-
starch separation, refrigerated dough and feed systems (Saulnier et al., 2007) and in dietary 
fiber as prebiotics (Brownlee, 2011). In the gastrointestinal (GI) tract, AX acts as a soluble 
fiber being rapidly fermented by the microflora of the colon. Lu et al. (2000), observed an 
inverse correlation between the intake of AX rich bread (6 and 12 g AX) and postprandial 
glucose and insulin responses in 14 healthy adults. When compared to the control (no AX-rich 
fiber), postprandial glucose levels were significantly lower with only 6 g of AX rich fiber 
supplementation, while 12 g produced even greater benefits. Bread with high levels of AX 
also appears to control blood glucose and insulin in adults who have an already impaired 
glucose tolerance (Lu et al., 2002b). Fasting blood glucose, postprandial blood glucose and 
insulin were all significantly lower than the control after adults with type two diabetes were 
supplemented with 15 g/d of an AX rich fiber. The improvement of glucose tolerance is 
thought to be due to the high viscosity of the fiber inside the lumen of the GI tract, which is 
believed to slow the rate of glucose absorption. Bread made with flour rich in AX has a 
glycemic index of about 59 while whole wheat flour has a glycemic index of about 99 (Lu et 
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al. 2000). AX also offer antioxidant properties because of the presence of phenolic moieties in 
their molecular structures (Izydorczyk and Biliaderis, 2006). 
1.8.2 Structure of arabinoxylans  
AX in the endosperm of wheat consist of the two pentoses, arabinose and xylose, and for this 
reason are often referred to as pentosans (Ordaz-Ortiz and Saulnier, 2005). Their molecular 
structure is made up of a linear backbone of β- (1→4)-linked D-xylopyranosyl units (xylp) to 
which α- L-arabinofuranosyl residues are attached as side branches. Arabinose residues can be 
attached to xylose unit at O-2 and/or O-3, resulting in mono-substituted Xylp at O-2 (rare in 
wheat) or O-3, di-substituted Xylp at O-2 and O-3, and un-substituted Xylp. Genes within two 
glycosyl transferase (GT) families, GT43 (IRX9, IRX14) and GT47 (IRX10), have been 
shown and identified to be involved in the synthesis of the xylan backbone in Arabidopsis by 
studies on knock-out mutants in glycosyl transferase (GT) families. Close homologues of 
these have been involved in the synthesis of xylan backbone of wheat. Homologues of IRX10 
TaGT47_2 and of IRX9 TaGT43_2 have been shown to be involved in the synthesis of the 
AX backbone (Lovegrove et al. 2013).  
Another feature of AX structure are the ferulic acids, which are covalently linked through 
ester linkages to arabinose (Figure 1.9). The structure of water extractable arabinoxylans (WE-
AX) and water un-extractable arabinoxylans (WU-AX) are very similar but the average 
molecular weight and the ratio of arabinose to xylose (A/X) are slightly higher for WU-AX 
(Izydorczyk and Biliaderis 1995). The higher ratio of A/X corresponds to a higher proportion 
of mono-substitution and a lower proportion of un-substitution in WU-AX compared with 
WE-AX whereas the proportion of di-substitutions are similar in WE-AX and WU-AX 
(Saulnier et al., 2007).  
The ratio of A/X indicates the degree of branching in AX but it does not reveal detailed 
structural features of these polymers (Izydorczyk & Biliaderis, 2007). In cereals, A/X ratio 
may vary from 0.3 to 1.1 depending on the cell wall type. In wheat, AX in outer pericarp, 
scutelum, and embryonic axis are highly substituted with arabinose (A/X > 1), whereas those 
of aleurone (A/X < 0.5), and especially hyaline layer are poorly susbstituted (A/X < 0.3) 
(Antoine et al., 2003; Barron et al., 2007; Saulnier et al., 2007). The ratio of A/X in wheat 
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endosperm generally varies from 0.5 to 0.7. Ordaz-Ortiz and Saulnier (2005) reported that 
A/X ratios are genotype dependent, as shown by the range of A/X in WE-AX (0.47-0.58) and 
WU-AX (0.51-0.67) obtained from 20 French wheat flours.  
 
 
 
Figure 1.9: Structure of AX.  
(A) Un-substituted AX molecule, (B) Mono-substitution at O-3, with a ferulic acid moiety 
on the arabinose molecule, (C) Mono-substitution at O-2, (D) Di-substituted AX molecule 
at O-2, 3. From: Izydorczyk and Dexter (2008). 
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The physico-chemical properties of AX are mainly determined by several factors including the 
length of the xylan backbone; the degree of substitution or arabinose to xylose (A/X) ratio; the 
substitution pattern and the binding of ferulic acid to other AX or cell wall components 
(Courtin and Delcour, 2002). 
1.8.3 Water solubility and viscosity 
The water solubility of polysaccharides depends on the balance between chain-chain and 
chain-solvent interactions but certain structural factors such as chain length, presence of side-
chain groups and their distribution will modify this balance. In general, side chains, which 
prevent chain-chain interactions, favour increased water solubility of polymers. The AX in the 
endosperm of wheat are found as WE-AX and WU-AX fractions. TheWE-AX are usually 
extracted with water at <40°C, while alkali is needed to extract WU-AX. The solubility is 
determined by the molecular size and the structure of AX. Ordaz-Ortiz and Saulnier (2005), in 
a study of 20 French wheat varieties, reported that the average amounts of WE-AX and WU-
AX are 0.5% and 1.7% (g/100g flour), respectively in white flour. The total AX content in 
wheat flour was about 2.2%, of which about 23% are WE-AX (Ordaz-Ortiz and Saulnier, 
2005). Hard wheat varieties have higher quantities of AX and WE-AX compared to the soft 
wheat varieties (Delcour et al., 1999; Dornez et al., 2008). In a study of 14 wheat varieties, 
wholemeal contained average amounts of WE-AX and WU-AX of 0.66% and 5.96%, 
respectively. The total AX content in wholemeal wheat flour of these varieties was about 
6.62%, of which about 10% were WE-AX (Dornez et al. 2008). 
The WE-AX and WU-AX exist in different areas of the cell wall. All AX in the aleurone layer 
are WU-AX (Antoine et al., 2003). Wang et al (2006) determined that endosperm AX differ in 
their molecular structure, resulting in differences in extractability when compared with AX 
localized in the aleurone layer.  
The water solubility of arabinoxylans is related to the structural features of the polymer chain 
and to the covalent linkage to other cell-wall polymers. For example, it is the presence of a 
high proportion of chain-chain cross-linking through covalent “diferulic bridges” in the 
endosperm WU-AX, which makes WU-AX un-extractable in water even though WU-AX have 
more side chains than WE-AX (Saulnier et al., 2007). 
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Arabinoxylans have high viscosity in aqueous solutions. The viscosity of AX solution depends 
on the concentration and molecular weight of the polymer (Saulnier et al., 2007). Ferulic acid 
cross-links between individual AX molecules may strongly influence the viscosity of AX 
solutions by increasing dramatically the molecular weight (Dervilly-Pinel et al., 2001).  
1.8.4 Gelation 
AX can bind up to ten times their weight in water (Zhang et al., 2007). The amount of water 
retained by WU-AX and WE-AX were determined from farinograph absorption and it was 6.7 
to 9.9 and 3.5 to 6.3 times the weight in water, respectively (Jelaca and Hlynka 1971; Kim and 
D'Appolonia 1977). Aqueous solutions of WE-AX have a unique ability to form hydrogels 
through ferulic acid covalent cross-linking upon oxidation by free radical-generating agents 
such as chemicals or enzymatic systems (Figueroa-Espinoza et al., 1998; Geissman & 
Neukom, 1973; Georget et al., 1999; Hoseney and Faubion, 1981; Izydorczyk et al., 1990; NG 
et al., 1997). Based on early literature, Carvajal-Millan et al. (2005) reported that five main 
diferulic acids linkages, 5-5΄, 8-5΄ benzo, 8-O-4΄, 8-5΄, and 8-8΄, have been detected in gelled 
WE-AX, with the 8-5΄ and 8-O-4΄ forms being the most abundant (Figure 1.10 and 1.11). 
Carvajal-Millan et al. (2005) also reported the presence of a tri-ferulic acid (4-O-8΄, 5΄-5˝-
dehydrotriferulic acid) in laccase cross-linked wheat WE-AX. In addition to covalent cross-
links, the involvement of physical interactions between AX chains was suggested to contribute 
to the AX gelation and gel properties (Vansteenkiste et al., 2004).  
Carvajal-Millan et al., (2005) have demonstrated that after a few days of storage, Laccase- 
induced gels of wheat WE-AX tend to be weaker. This weakening appeared to be attributed to 
radical reactions catalysed by the still active enzymatic system (Laccase), which resulted in a 
loss of ferulic acid coupling products and a partial depolymerisation of AX chains. A thermal 
inactivation of the enzyme after the gel formation blocked the free radical and stabilized the 
gel. The structure of AX plays a significant role in the gelation ability (Dervilly-Pinel et al., 
2001; Izydorczyk et al., 1991; Izydorczyk and Biliaderis, 1995b; Rattan et al., 1994).  
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Figure 1.10: Ferulic and diferulic acid structures. From Varies and Visser (2001). 
 
 
 
Figure 1.11: Diferulic acid in oxidative gelation. Adapted from Stoica et al. (2006) with 
modifications. 
Arabinoxylans gels have neutral taste and odour, high water absorption capacity (up to 100 g 
of water per gram of dry polymer) and stability to pH or electrolytes (Izydorczyk & Biliaderis, 
1995). These physicochemical properties, together with the macroporous texture of the gels 
(mesh size varies from 200 to 400 nm) and the dietary fibre nature of AX makes them useful 
for controlled delivery of therapeutic proteins (Carvajal-Millan et al., 2005).  
ferulic acid 5-5ʹ-diferulic acid 8-O-4ʹ-diferulic 
acid 
8-5ʹ-diferulic acid 
8-5ʹ -diferulic acid benzofuran form 8-8ʹ-diferulic acid 
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1.8.5 Functional properties of arabinoxylans 
Arabinoxylans are very important regulators of water absorption and distribution in dough. 
Adding AX to dough immobilized free water and resulted in stiffer dough and shorter mixing 
times for optimum dough development (Cyran et al., 2003; Izydorczyk & Biliaderis, 1995). It 
has been reported that the addition of AX and arabinogalactan enhance various parameters that 
determine bread quality including bread volume, crumb firmness, gas retention and baking 
absorption (McCleary, 1986; Biliaderis et al., 1995). The concentration of AX that gives 
maximum improvement of the loaf volume is dependent upon the type of flour used and the 
molecular weight of AX (Biliaderis et al., 1995; Delcour et al., 1999). With the addition of 
WE-AX at a concentration of 5 g/kg, the volume of bread and its texture were improved 
significantly (Saeed et al., 2010).The addition of WE-AX decrease the diffusion rate of carbon 
dioxide during fermentation, leading to better gas retention. Increased dough foam stability 
leads to an increase in viscosity of the dough and in return stabilises gas cell liquid films 
(Courtin and Delcour, 2002).The stabilisation of gas cells during baking prolongs oven rise 
and improves bread characteristics (Goesaert et al., 2005).  
In contrast, WU-AX have negative impact on baking quality. They destabilise the dough 
structure by forming physical barriers preventing gluten network formation during dough 
development. They absorb a large amount of water, which becomes unavailable for gluten 
development and film formation, and/or perforate gas cells which coalesce and reduce gas 
retention and this leads to poor bread quality. Various microbial xylanases are used in bread-
making to overcome the negative effect of WU-AX on product quality (Courtin and Delcour, 
2002).  
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1.8.6 Dietary fiber and human health 
Carbohydrates can be divided nutritionally into two main types: available and unavailable. 
Available carbohydrates are those digested and absorbed by humans, which include (non-
resistant) starch and soluble sugars. In contrast, unavailable carbohydrates (dietary fiber) are 
resistant to digestion and absorption in the human small intestine but have a complete or 
partial fermentation in the large intestine (AACC-I, 2001).  
Dietary fiber is one of the important constituents of whole grain cereal. It is composed mainly 
of complex polysaccharides, such as arabinoxylans, β-glucans, pectins, arabinogalctans and 
resistant starch (RS), together with cellulose and lignin (Muralikrishna and Rao, 2007). 
Arabinoxylans and β-glucans are NSP that constitute the non-cellulosic component of cell 
walls and cell wall residues in cereal grains and are not digested by human enzymes. The high 
viscosity of AX slows the flow of digesta, which would reduce fat and cholesterol absorption 
and the reabsorption of bile acids. The high viscosity of AX also reduces the glucose 
absorption, which is of considerable benefits in terms of diabetes risk and management 
(Topping, 2007). 
The human cecum and colon support a large number of bacteria, which are taxonomically 
diverse and metabolically active. These bacteria ferment the unabsorbed dietary 
carbohydrates. The main metabolic end products include short chain fatty acids (SCFA), in 
particular acetate, propionate, and butyrate. Evidence is emerging that arabinoxylans may be 
fermented to a large degree and may have a role to play in regulating SCFA production in 
humans. Butyrate promotes a normal colonocyte phenotype through the repair of damaged 
DNA and induction of programmed cell death in transformed cells. These actions are believed 
to lower the risk of colorectal cancer and helps explaining the protective effect of fiber (Lu et 
al., 2000a, b). Arabinoxylans have a number of physiological effects, which have been linked 
to health benefits, including reducing the risk of colorectal cancer (Bingham et al., 2003), 
obesity (Liu et al., 2003; Koh-Banerjee et al., 2004), diverticular disease (Aldoori et al., 1998), 
diabetes and cardiovascular disease (Jacobs and Gallaher 2004).  
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1.9 Plant secondary metabolites 
Plant metabolites comprise of more than 100,000 different compounds and they are divided 
into primary and secondary metabolites (Raven et al., 2006). Primary metabolites include 
compounds such as carbohydrates, proteins, lipids and chlorophyll. In higher plants, these 
compounds are often concentrated in seeds and vegetative storage organs as they are directly 
involved in the growth, development and metabolism of plants. Primary metabolites are also 
essential nutrients for humans as they provide energy for cellular functions. Plant secondary 
metabolites are compounds biosynthetically derived from primary metabolites. Secondary 
metabolites usually occur in plants in smaller quantities than the primary metabolites and they 
tend to be synthesized in specialized cell types and at certain development stages. Secondary 
metabolites include terpenoids, alkaloids, cyanogenic glycosides and phenolics (Pichersky and 
Gang, 2000; Weizmann Institute of Science, 2013) and they have potential benefits for plant 
survival. Plant secondary metabolites have a role in protecting plants against pathogens, 
herbivores and environmental hazards such as pollution, stress, UV exposure, nutrient and 
water deficiencies (Raven et al., 2006, Treutter, 2005). Claims are made that some plant 
secondary metabolites have the ability to protect against cancer and cardiovascular diseases in 
humans (Arts et al., 2001, Knekt et al., 2002, Sesso et al., 2003). 
Phenolic compounds (phenylpropanoids) consist of an aromatic ring with one or more 
hydroxyl substituents. The shikimic acid pathway (in plants and bacteria) and the malonic acid 
pathway (in fungi and bacteria) are the two basic biosynthetic pathways for aromatic amino 
acids phenylalanine and tyrosine, which are precursors of phenolic compounds (Taizand 
Zeiger, 2007, Smith et al. 2010). 
Liu (2004) reported that phenolics are one of the most studied phytochemicals. Phenolic acids 
and flavonoids are sub-groups of phenolics and both of them inherent structural diversity and 
health impact potentials. Some examples of phenolic acids and flavonoids are shown in 
Figures 1.12 and 1.13. Structurally, phenolic acids can be subdivided into acids derived from 
benzoic acid (consisting of 7– carbon basic (C6-C1) skeleton) and cinnamic acid (consisting 
of 9– carbon basic (C6-C3) skeleton) (Kim et al., 2006).  
 25 
 
 
Figure 1.12: Classification of phenolics. From Liu (2004), with modifications. 
 
 
Figure 1.13: Structure of common benzoic and cinnamic acid derivatives. From Li et al. 
(2008)  
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1.9.1 Phenolic acids 
Phenolic acids are synthesized in the phenylpropanoid pathway in plants and they are 
concentrated in the bran layers in wheat. The most abundant include ferulic acid, p-coumaric 
acid (hydroxycinnamic acids), vanillic acid and syringic acid (hydroxybenzoic acids). Figure 
1.13 demonstrates the skeletal structure of hydroxybenzoic (C6-C1 compounds) and 
hydroxycinnamic acids (C6-C3 compounds). The number and positions of hydroxylic groups 
on the aromatic ring lead to various different phenolic acids. These acids are classified as 
soluble free, soluble conjugated (e.g., esterified to sugars) and insoluble bound (e.g., esterified 
to cell walls compounds) phenolic acids. Ferulic is the predominant phenolic acid in wheat 
and it is present in the insoluble bound form (Landberg et al., 2008). Phenolic acids and 
flavonoids in wheat have been coming into the focus of research due to enhanced health 
consciousness. Epidemiological studies have related the consumption of whole grain and their 
products to reduced incidence of chronic diseases. Claims are made that the bound form of 
phenolic acids cannot be digested by human enzymes, could survive the stomach and small 
intestine digestion, and therefore, may reach the colon. The microflora may release the bound 
phenolic acids through fermentation, and thus provide site-specific health benefits in colon or 
other tissues after absorption (Adom and Liu, 2002; Liu, 2007). 
1.9.2 Biosynthesis of aromatic amino acids and phenolic aicds 
The aromatic amino acids L-tryptophan (Trp), L-phenylalanine (Phe), and L-tyrosine (Tyr) are 
synthesised from chorismate, which is the final product of the shikimate pathway. The 
shikimic acid pathway is localised in the chloroplast and its regulation is coupled to 
photosynthesis. The conversion of phosphoenolpyruvate (PEP) and D-erythrose 4-phosphate 
(E4P) to chorismate through seven enzymatic reactions of shikimate pathway links the 
synthesis of aromatic acids to central carbon metabolism (Figure 1.14) (Maeda and Dudareva 
(2012). Developmental cues and environmental stimuli, such as wounding and pathogen 
infection, induce the expression of many plant genes encoding enzymes in the aromatic acids 
pathways (Maeda and Dudareva (2012). 
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Figure 1.14: Biosynthetic pathway of aromatic amino acids in plants and bacteria.  
From Maeda and Dudareva (2012). 
 
Abbreviations: PEP, phosphoenolpyruvate; E4P, D-erythrose 4-phosphate; AAAs, 
aromatic amino acids. 
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In plants, aromatic acids serve as precursors of many plant natural products such as pigments, 
alkaloids, hormones and cell wall components. Trp serves as a precursor of alkaloids, 
phytoalexins, indole glucosinolates and the plant hormone auxin. Tyr serves as a precursor of 
isoquinoline alkaloids, pigment betalains, and quinones. Phe serves as a precursor of several 
phenolic compounds, which include flavonoids, condensed tannins, lignans, lignin and 
phenylpropanoid/benzenoid volatiles (Figure 1.15) (Maeda and Dudareva, 2012). 
 
 
 
Figure 1.15: The aromatic amino acids pathways. From Maeda and Dudareva (2012) 
Abbreviations: Trp, L-tryptophan; Phe, L-phenylalanine; Tyr, L-tyrosine; ADCS, 
aminodeoxychorismate synthase; AS, anthranilate synthase; CM, chorismate mutase; 
CoA, coenzyme A; ICS, isochorismate synthase. 
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Phenlpropanoid pathway is illustrated in detail in Figure 1.16. To explain it briefly, one 
ammonia molecule is removed from phenylalanine or tyrosine by non-oxidative deamination 
catalyzed through phenylalanine ammonia lyase (PAL) or tyrosine ammonia lyase (TAL), 
producing trans-cinnamic acid (Vogt, 2010). Trans-cinnamic acid is hydroxylated by 
cinnamic acid hydroylase to p-coumaric acid and from that point on other phenolic 
compounds such as simple phenolic acids, lignins, flavonoids and coumarins are metabolized 
by several condensation and modification reactions (Lee et al. 1995; Kull, 2000; Heldt, 2005; 
Vogt, 2010). Cinnamic acid is converted to benzoic acids by different pathways which may 
co-exist (Lee et al. 1995; Vogt, 2010).  
PAL plays a crucial role in the formation of many phenolic compounds and it has many copies 
of genes in plant species, which are expressed only in specific tissues or only under certain 
conditions. Consequently, the regulation of PAL activity in many plant species is a complex 
process. PAL activity is influenced by environmental factors, such as low nutrient levels, light 
and fungal infection. If PAL content increases the synthesis of phenolic compounds increases 
too and vice versa. The effect of the environment on PAL might be the reason behind the 
limited occurrence of phenolic acids (Lee et al. 1995; Kull, 2000; Heldt, 2005; Vogt, 2010). 
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Figure 1.16: Phenlpropanoid pathway. From Kull (2000) 
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1.9.3 Extraction of phenolics 
Cereal grains have higher levels of phenolics than previously thought due to methodology 
improvement, which allows measurement of phenolics in all their forms: free, esterified and 
insoluble-bound. The content of grain phenolics has been measured using different aqueous 
solutions of methanol, ethanol and acetone to extract soluble phenolics. There are also 
differences in grinding methods, particle size and whether the samples were defatted before 
the extraction.  
Liyana-Pathirana and Shahidi (2006) evaluated free, esterified and bound phenolics in 
commercial varieties of soft and hard wheats, which were fractionated into whole wheat, 
refined flour and bran (Table 1.1). Their results demonstrated that the bran fraction not only 
contains the majority of phenolic compounds, but the majority (>80%) are in bound form. The 
results also indicated that there are significant differences in phenolic content between hard 
and soft wheat varieties. Several reports have indicated that genotypes and growing conditions 
have a significant effect on the phenolic acids and antioxidant properties of wheat (klepacka 
and Fornal, 2006, Mpofu et al., 2006, Moore et al., 2005). Yu et al., (2003) reported 
significant effects of the growing environment, including the number of hours exceeding 32 
°C, on the antioxidant properties of Akron, which is a Canadian hard red winter wheat 
cultivar.  
  
Table 1.1: Free, esterified (conjugated) and bound phenolics content (µg FAE/g defatted 
material) of whole grains, flour and bran of hard & soft wheat (From Liyana-Pathirana 
and Shahidi, 2006). 
Milling fraction Free Esterified Bound Total 
Hard whole wheat grain 353  954  2149  3456 
Soft whole wheat grain 478  1196  2144  3818 
Soft wheat flour 161  278  464  903 
Hard wheat bran 846  1365  11303  13514 
Soft wheat bran 981  1432  12186  14599 
Abbreviation: FAE, ferulic acid equivalents. 
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1.9.4 Antioxidant capacity assays 
Assays for antioxidant capacity of phenolics are broadly classified as electron transfer (ET) 
and hydrogen atom transfer (HAT) based assays (Table 1.2). ET based assays measure the 
capacity of an antioxidant in the reduction of an oxidant, which changes colour when reduced. 
Most HAT assays involve a competitive reaction scheme in which antioxidant and substrate 
compete for peroxyl radicals thermally generated through the decomposition of azo 
compounds. 
Table 1.2: In vitro antioxidant capacity assays. From Huang et al. (2005)  
Assay Type Assay Reference 
ET TEAC (Trolox equivalent antioxidant capacity) Miller et al. (1993) 
 FRAP (ferric ion reducing antioxidant parameter) Ou et al. (2002) 
 DPPH (diphenyl-1-picrylhydrazyl) Harborne and Williams 
(2000); El and 
Karakaya (2004) 
 Copper (II) reduction capacity Apak et al. (2008) 
 Total phenols assay by Folin-Ciocalteu reagent Coruh et al. (2007) 
   
HAT ORAC (oxygen radical absorbance capacity) Ou et al. (2002) 
 TRAP (total radical trapping antioxidant parameter) Wayner et al. (1985) 
 Crocin bleaching assay Bors et al. (1984) 
 IOU (inhibited oxygen uptake) Ingold (1961); Denisov 
and Khudyakov (1987) 
   
 
The following is an illustration of an ET based assay reaction equation (Equation 1), where R˙ 
represents a free radical and AH represents an antioxidant (Prior et al., 2005).  
R˙ + AH → Rˉ + AH˙+ 
AH˙
   
→   A˙ + H3O
+  
 
Rˉ + H3O
+ → RH + + H2O 
Equation 1: ET reaction (Huang et al. 2005, Prior et al. 2005) 
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For example, Folin-Ciocalteu reagent (a mixture of phosphomolybdate and phosphotungstate 
used for the colorimetric in vitro assay of phenolic acids) is the oxidant that abstracts the 
electron from the antioxidant leading to a colour change of the Folin-Ciocalteu reagent. 
Therefore, the reagent is reduced and the antioxidant is oxidized. The higher the antioxidant 
concentration, the stronger the colour changes to dark blue, when absorbance is measured at λ 
max = 765 nm (Huang et al., 2005; Prior et al., 2005). Determination of antioxidant capacity is 
measured against a standard acid, e.g., gallic acid (Huang et al., 2005).  
1.10 Influence of cultivar, environment and their interactions on wheat grain 
quality 
Wheat grain constituents, wheat kernel development and biomolecule accumulation are 
influenced by genotypes, environment and their interactions (Baenziger et al. 1985; Peterson 
et al. 1992; Yan and Hunt 2001; Fernandez-Orozco et al. 2010; Liu et al. 2011). A better 
understanding of these factors may assist in identifying traits that contribute to better genotype 
performance, and environments that facilitate genotype evaluation (Yan and Hunt, 2001). 
Many studies have examined the effects of genotype and environmental conditions during 
grain development (Baenziger et al. 1985; Peterson et al. 1992; Yan and Hunt 2001). The 
results of these studies have generally shown that environment, genotype and their interactions 
are all significant factors contributing to variation in quality (Finlay et al. 2007). Cultivar and 
environment each influence wheat composition to varying degrees (Finnie et al. 2006). 
Examples of specific quality traits, which have been investigated based on the influences of 
cultivar and the environment, include starch content, total AX, WE-AX, WU-AX, protein 
content, kernel colour, flour swelling volume (FSV) and phenolic acids (Liu et al. 2011; Yan 
et al. 2008 and Zhao et al. 2006; Shewry 2009; Finnie et al. 2006; Li et al. 2009; Zhu and 
Khan 2001; Matus-Cadiz et al. 2003; Morris et al. 1997; Fernandez-Orozco et al. 2010, 
Hasniza et al., 2013a, b). 
Studies have shown that the variability of starch content in wheat is influenced more by the 
environment than by the genotype (Yan et al. 2008; Zhao et al. 2006). Li et al. (2009) 
indicated that environment in hard spring wheat has a stronger influence on the variability of 
WE-AX content than the cultivar, while cultivar contributes greatly to variability in total AX 
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content. Matus-Cadiz et al. (2003) found a significant variation in kernel colour among hard 
white wheat cultivars. Fernandez-Orozco et al. (2010) investigated the variability of phenolic 
acids content and indicated that the contribution of the growing location to variability is 
greater than the growing season contribution and these environmental influences were stronger 
than the cultivar influences, especially for the free and conjugated phenolic acid fractions. 
Bound phenolic acids, which represent the largest amount of total phenolic acids, were more 
influenced by cultivar and less influenced by environment.  
Wheat varieties grown in Australia vary significantly in quality and yield. The vast size of the 
wheat growing areas in Australia creates a very large range of temperature and precipitation 
conditions each year, which lead to a wide range in wheat quality outcomes. However, 
international and local markets require consistent quality of wheat every year to manufacture 
food products of consistent quality in line with standard processing conditions.  
1.11 Objectives 
The main objectives of this thesis were to assess the relative influence of genotype, growth 
environment (temperature, rainfall and daily solar exposure) and the interactions of genotype 
and the environment before and after flowering on quality parameters of wheat whole meal 
flour. The hypothesis tested is that there will be an influence of genotype, environment and 
their interactions on grain quality of wheat. To achieve these objectives, three commercial 
wheat (Triticum aestium L.) varieties, which were provided by the Australian National Variety 
Trials (NVT), and were grown in two seasons (2010 and 2012), in different geographic 
regions, were analysed.  
To test the hypothesis, the thesis focused on the following specific aims: 
1. Assess the relative contribution of genotype (G), environment (E) and their interactions 
(G x E) to variability of quality traits such as total starch, fructan, β-glucan, total 
arabinoxylans, total phenolics, test weight and grain protein. 
2. Examine effects of genotype, environment and their interactions on functional properties 
of starch. 
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3. Assess the relative contribution of genotype (G), environment (E) and their interactions 
(G x E) to variability of arabinoxylans fractions. 
4. Investigate the influence of the addition of different percentages of water-extractable 
arabinoxylans on thermal and pasting properties of hard, soft and waxy variety starches. 
5. Assess the relative contribution of genotype (G), environment (E) and their interactions 
(G x E) to variability of free, conjugated and bound phenolic acids. 
6. Determine the distribution profiles of phenolic acids. 
7. Determine correlations between grain quality parameters. 
8. Determine correlations between grain quality parameters and environmental factors. 
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Chapter 2 Materials and methods 
 
2.1 Materials 
2.1.1 Storage and milling of grain samples 
The wheat grain seeds were kept in new, sealed plastic bags at 4°C (grain sample names and 
history in Chapter 3). Whole meal flour samples of all wheat varieties were prepared by 
milling the grains in the Brabender Break Mill. Mode: 881300. Brabender ® Gmbh & Co. KG. 
Germany.  
2.1.2 Water  
Water purified by a Millipore Barnstead NANOpure II Ultrabrand Water Purification System 
(Millipore Corp., Bedford, MA, USA) with conductivity between 0.05 and 0.07 µS x cm
-1
 , 
was used to make all solutions. 
2.1.3 Chemicals  
Amyloglucosidase, isoamylase from Pseudomonas sp (EC 3.2.1.68), glucose 
Oxidase/Peroxidase reagent containing glucose oxidase from Aspergillus niger (EC 1.1.3.4) 
and peroxidase from horseradish were purchased from Megazyme International Ireland, Ltd. . 
Enzymes porcine pancreatic α-amylase type VI-B (EC 3.2.1.1), amyloglucosidase from 
Aspergillus niger (EC 3.2.1.3) were purchased from Sigma Chemical Co. (St. Louis, MO, 
USA). Folin & Ciocalteau’s phenol reagent (2N), potato amylose and amylopectin, gallic acid 
and authentic standards of phenolic acids were obtained from Sigma-Aldrich. The authentic 
standards of phenolic acids included vanillic acid, syringic acid, p-coumaric acid, sinapic acid, 
caffeic acid, ferulic acid and 4-hydroxybenzoic acid. Sodium carbonate, acetic acid and 
acetonitrile and all solvents were obtained from Merck (NJ, USA). 
2.1.4 Preparation of reagents 
Sodium acetate buffer (0.1 Molar, pH 5), CaCl2 (5 mM) was prepared from glacial acetic acid, 
which was adjusted to pH 5 with 1 Molar NaOH. Thermostable α–amylase diluted solution 
was prepared by adding 1.0 ml of thermostable α–amylase (Megazyme International Ireland 
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Ltd.) to 30 ml of sodium acetate buffer (100 mM, pH 5). The glucose determination reagent 
(GOPOD Reagent) was prepared by first diluting the GOPOD Reagent Buffer (48 mL, pH 7) 
(Megazyme International Ireland Ltd.) to one liter with distilled water then the GOPOD 
Reagent Enzyme (Freeze-dried powder) (Megazyme International Ireland Ltd.) was dissolved 
in 20 mL of the diluted GOPOD Reagent Buffer and the dissolved GOPOD reagent enzyme 
was added to the rest of the diluted GOPOD reagent buffer.  
2.2 Methods  
2.2.1 Moisture content determination  
Moisture content of grain, wheat flour and extracted starch was determined using the AACC 
method 44-15.02 (American Association of Cereal Chemists-Intrnational, 2000). Samples of 2 
g were placed in previously weighed aluminium dishes. The dishes were covered, weighed 
accurately, and placed uncovered with their lids in an oven at 135 ± 1°C for exactly 2 hours, 
commencing from the time when the oven returned to 135°C (recovery time was 
approximately 2 minutes). The dishes were removed, covered and placed in a desiccator until 
they reached room temperature (approximately 1 hour) before being weighed again. The 
moisture content was calculated as follows: 
Moisture (%) = (A / B) * 100 
Where A = moisture loss in grams, B = original weight of sample in grams. 
 
2.2.2 Estimation of fructans 
Fructans measurements were carried out using Megazyme fructans assay kit according to 
AOAC method 999.03 (Megazyme International Ireland Ltd., Bray Business Park, Bray, Co. 
Wicklow, Ireland). The procedure first involved the hydrolysis of the galacto-
oloigosaccharides by α-galactosidase, followed by hydrolysis of starch and sucrose by 
amylase and sucrase. Reducing sugars were removed by borohydride and inulinase used to 
hydrolyse fructans into glucose and fructose, which were measured spectrophotometrically.  
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2.2.3 Estimation of mixed-linkage β-glucan  
Mixed-linkage β- glucan (MBG) measurements were carried out according to the Megazyme 
mixed- linkage β-glucan assay kit (AACC method 32- 23), procedure K-BGLU 04/06 
(Megazyme International Ireland Ltd., Bray Business Park, Bray, Co. Wicklow, Ireland). The 
procedure involved an initial targeted digestion with lichenase, where mixed-linkage β-glucan 
was hydrolysed by lichenase to β-gluco-oligosaccharides followed by a treatment with β-
glucosidase which hydrolysis β-gluco-oligosaccharides to D-glucose. The amount of glucose 
released was measured subsequently with the glucose oxidase/peroxidase (GOPOD) reagent 
using a spectrophotometer at 510 nm. 
2.2.4 Preparation and analysis of starch 
2.2.4.1 Extraction of starch 
Starch was extracted from wheat grains using the protocol of Welsh (1990). Wheat grains (500 
g) were soaked for 24 hrs in 0.2 Molar ammonium hydroxide solution (2.5 L). Small portions 
of approximately 100 g of the softened grain were blended with fresh 0.2 Molar ammonium 
hydroxide solution (300 ml) for 30 s. The slurry was filtered through 250 µm nylon mesh and 
the residue was blended again in fresh 0.2 Molar ammonium hydroxide solution and filtered. 
The process was repeated until the filtrate was clear. The combined filterates were centrifuged 
for 10 min at room temperature (5000 g) and the supernatant discarded. The precipitate had 
two distinct layers: the prime starch, which was the lower white pellet layer, and the tailing, 
which was the brown upper layer. The tailing was separated from the starch layer with a 
spatula, re-suspended in 0.2 Molar ammonium hydroxide then centrifuged for 10 min at room 
temperature (5000 g). The top layer of the precipitate was discarded and the recovered prime 
starch layer was combined with the prime starch layer from the first centrifugation. The 
combined precipitate was washed by re-suspending with 0.2 Molar ammonium hydroxide then 
centrifuging for 10 min at room temperature (5000 g); this process was repeated three times. 
The precipitate was then washed once with water and centrifuged at 5000 g for 10 min. The 
precipitate was blended with 0.2 Molar acetic acid (300 ml) and filtered through 120 µm nylon 
mesh. The filtrate was then centrifuged for 10 min at room temperature (5000 g). The 
supernatant was discarded and the precipitate was washed by re-suspending and centrifuging 
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successively with water, ethanol, water and acetone. The recovered pellet containing starch 
granules was dried overnight in a fume hood to approximately 14% moisture and stored at 
4°C.  
2.2.4.2 Estimation of total starch 
Total starch content of whole meal flour was estimated using Megazyme Assay Kit 
(Megazyme International Ireland, Ltd.) with the amyloglucosidase/α-amylase method as 
described in the instructions supplied with the kit. 
2.2.4.3 Starch swelling power and flour swelling power  
Swelling power of flour (FSP) and starch (SSP) were measured according to the method of 
Konik-Rose et al. (2001). Approximately 40 mg of starch or flour was weighed into a pre-
weighed micro-centrifuge tube (1.5 ml), the sample was mixed well with 1 ml water (vortex 
mix) and then held in a water bath equipped with a thermoregulator (Thermomix BU, B. 
Braun, Germany) for 30 min at 92.5 ºC with regular gentle inversions (20 times over the first 
min, then twice at 1.5, 2, 3, 4, 5, 10, 15, 25 min). The sample was cooled to room temperature 
in a 20 °C water bath for 3 min with two gentle inversions initially and after 1.5 min. The tube 
was centrifuged (10 min, 17,000 g), the supernatant removed by suction, and the weight of the 
residue used to calculate the total swelling power. 
 
FSP or SSP (g/g) = weight of residue/dry weight of sample (starch or flour) 
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2.2.4.4 Determination of amylose content by iodine binding method 
Total amylose content was determined by iodine binding according to Chrastil (1987). Starch 
(20 mg) was mixed with 5 ml of 85% ethanol and left in a water bath at 60   for 30 min with 
occasional mixing to extract lipids. The suspension was centrifuged and the supernatant was 
discarded. Starch was solubilized by adding 4.0 ml deionized water and 2.0 ml of 1.0 Molar 
Na H solution to the lipid-free samples and the test tubes were heated in a boiling water bath 
for (100  ) for 30 min with occasional mixing. An aliquot of this solution was added to 5 ml 
of 0.5% trichloroacetic acid in a separate test tube, the tubes were vortexed and 0.05 ml of an 
iodine solution (1.27 g I2 and 3.0 g KI/L) was added and mixed in immediately. Absorbance 
was read at 620 nm after 30 min at 25   against water blank. Potato amylose and amylopectin 
were used to make a calibration curve with amylose: amylopectin ratios of 10:90, 20:80, 
30:70, 50:50, and 80:20.  
2.2.4.5 Differential Scanning Calorimetry 
The method described by Blazek and Copeland (2008) was used, with minor modifications as 
follows: DSC measurements were made using a Modulated Differential Scanning Calorimeter 
MDSC 2920 instrument (TA Instruments Inc., Delaware, USA). About 3 mg of starch was 
weighed accordingly into an aluminium pan (size 40 µl). A micro syringe was used to add 
distilled water to a ratio of 1:2 w/w starch: water and the pan was hermetically sealed, after 
gentle shaking to ensure the immersion of starch in water. An empty pan was used as a 
reference. The same steps were followed when water-extractable arabinoxylan solution (WE-
AX) was added to starches in two different concentrations, 0.4% and 0.6%. The pans were 
heated from 30 to 95°C at a scanning rate of 10 °C/min. The instrument was calibrated using 
indium as a standard. Transition temperatures were determined from the thermograms by 
means of the Universal Analysis 2000 software provided by the instrument company. The 
calorimetric enthalpy change (∆H) was determined by integration of the area under the peak of 
thermal transition above the extrapolation lines. The average values of the thermodynamic 
parameters were determined using duplicate measurements.  
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2.2.4.6 Starch pasting properties 
Pasting properties of starch were analysed using a Rapid Visco Analyser RVA-4 (Newport 
Scientific, Warriewood, Australia). Standard method 1 (STD 1) provided by the instrument 
manufacturer was used. The solution (26.4 ml) (deionized water with different percentages of 
arabinoxylans) was weighed into a test canister and 1.6 g of starch (6% w/w, dry starch, 28.0 g 
total weight) was added and the mixture was agitated by raising and lowering the plastic 
paddle through the canister 10 times before inserting the canister into the instrument. The 
starch suspension was stirred at 960 rpm for 10 s before the shear input was decreased and 
held constant at 160 rpm during the subsequent heating and cooling cycles. The suspension 
was heated from 50 to 95°C in 3 min and 42 s, held at 95°C for 2 min and 30 s before cooling 
to 50 °C for 3 min and 48 s, peak viscosity (PV), viscosity at trough (TV, also known as 
minimum viscosity) and final viscosity (FV) were recorded. The breakdown (BD, which is PV 
minus TV) and setback (SB, which is FV minus TV) were calculated using the Thermocline 
software provided with the instrument. 
2.2.5 Preparation and analysis of arabinoxylans 
2.2.5.1 Extraction of water extractable arabinoxylans 
WE-AX was extracted from wheat grains using the protocol of Ganguli and Turner (2008) 
with minor modifications as follows: 100 g was heated at 130 °C for 90 min to inactivate 
endogenous enzymes. After cooling to room temperature the whole meal flour was blended in 
a blender for 15 min at puree setting to obtain homogeneous slurry. The slurry was centrifuged 
(3220 g for 10 min) and the supernatant was filtered using Whatman No. 1 filter paper. The 
filtrate was adjusted to pH 4.5 with 0.1 Molar HCl and 2 ml of distilled water containing 
amyloglucosidase from Aspergillus niger was added to degrade starch. The solution was then 
incubated in a water bath with shaking at 55 °C for 16 h until no starch was detectable in the 
exract. After starch hydrolysis, the solution was heated in a boiling water bath for 30 min to 
inactivate the amyloglucosidase and to precipitate soluble proteins. The extract was 
centrifuged (3220 g for 10 min) and filtered using Whatman No. 1 filter paper.  
To the filtrate (100 ml), 10 ml of 0.2% bentonite aqueous slurry was added, to adsorb 
contaminating protein, adjusted to pH 5.0 and was stirred for 30 min. The suspension was 
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centrifuged (3220 g for 10 min) to remove soluble protein and the filtrare was adjusted to pH 
7.0 by the addition of 0.1 Molar NaOH. To precipitate WE-AX, ethanol was added whilst 
stirring to a final concentration of 65% (v/v). The solution was stirred for an additional 30 min 
and left to stand overnight at 25 °C. Most of the solution was decanted and the remainder was 
centrifuged to recover the precipitated WE-AX. WE-AX samples were washed once with 65% 
ethanol, twice with acetone and air dried. The dried WE-AX was dissolved in distilled water, 
centrifuged and lyophilized supernatant and powdered in a coffee grinder.  
2.2.5.2 Estimation of total Arabinoxylan using Megazyme kit 
Total arabinoxylans (T-AX) and the ratio of arabinose to xylose (A/X) were quantified using 
the Megazyme kit assay, procedure K-XYLOSE 02/11 (Megazyme International Ireland Ltd., 
Bray Business Park, Bray, Co. Wicklow, Ireland), based on the oxidation of β-D-xylose to D-
xylonic acid by NAD
+
 in the presence of β-xylose dehydrogenase and measuring the amount 
of NADH formed. Arabinoxylan content was calculated from the amount of D-xylose, 
assuming that the D-xylose content for wheat flour arabinoxylans is 62%. Arabinose content 
was calculated as the difference between arabinoxylans and D-xylose.  
2.2.5.3 Total Arabinoxylans estimation using orcinol-HCl method 
Total arabinoxylans (T-AX) were quantified using the orcinol-HCl method according to 
Hashimoto et al. (1987). Wholemeal flour (10 mg) was placed in a screw cap tube and was 
hydrolyzed with 2 ml of 2 Molar HCl at 100 ºC for 2.5 h. After cooling, the solution was 
neutralised with 2 ml of 1 Molar Na2CO3. Saccharomyces cerevisiae, freshly compressed 
yeast (purchased from a local bakery), was used to remove fermentable sugars to eliminate 
interference of hexoses prior to the estimation of pentoses. Two millilitres of a 25 mg S. 
cerevisiae per 1 ml of 0.2 Molar sodium phosphate buffer (pH 7) was added to the neutralised 
solution, which was incubated for 2 h at 30 ºC with mixing every 30 min. The mixture was 
centrifuged at 1000 g for 10 min. An aliquot of the supernatant (2 ml) was analysed by the 
Orcinol-HCl method as described by Hashimoto et al. (1987).  
2.2.5.4 Water-Extractable Arabinoxylan estimation using Orcinol-HCl method 
WE-AX was estimed using Orcinol-HCl method according to Hashimoto et al. (1987). 
Wholemeal flour (100 mg) was placed in a screw cap tube and was shaken in 10 ml of distilled 
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water at 30 ºC for 2 hours and centrifuged at 1000 g for 10 minutes. An aliquot of the 
supernatant (1 ml) was hydrolyzed with 1 ml of a 4 Molar HCl at 100 ºC for 2 hours and an 
aliquot of the supernatant (1 ml) was analysed by the Orcinol-HCl method as described by 
Hashimoto et al. (1987). Estimation of water un-extractable arabinoxylans (WU-AX) was 
obtained by subtracting the WE-AX from T-AX.  
2.2.6 Preparation and analysis of phenolics 
2.2.6.1 Extractions of phenolics 
Extractions of free, conjugated and bound phenolics according to Li et al. (2008) were 
summarized in the flow charts in Figures 2.1 to 2.3. 
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Figure 2.1: Free phenolic acids  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Add 2 ml of 80:20 ethanol/water to wholemeal sample (250 mg)  
Agitate solutions using a Whirlimixer until all flour is suspended. Sonicate sample for 
10 min 
 
Centrifuge for 15 min at 5000 rpm. Remove supernatant and collect it. Carry out a 
second extraction (2 ml)  
 
 
Evaporate combined supernatants (from first & second extractions) to dryness under nitrogen 
  
Add 500 µl of aqueous acetic acid (2% v/v) and 2 µl HCl (12 Molar) (for HPLC) 
Agitate sample and add ethyl acetate (2 x 2 ml). Centrifuge for 15 min at 13200 rpm 
Transfer upper layer to a clean Eppendorf tube & evaporate it 
Add 1.5 ml methanol/HCl (85:15) and use Folin-Ciocalteau method.  
For HPLC analysis, instead of the addition of methanol/HCl, add 100 µl of 2% 
(v/v) aqueous acetic acid and centrifuge  
Transfer supernatant to a clean vial ready for analysis 
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Figure 2.2: Conjugated phenolic acids extraction  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Add 2 ml of 80:20 ethanol/water to Wholemeal (250mg) sample  
Agitate solutions using a Whirlimixer until all flour is suspended. Sonicate 
sample for 10 min 
 
Centrifuge for 15 min at 5000 rpm. Remove supernatant and collect it. Carry out 
a second extraction (2 ml)  
  
 
The combined supernatants are to be pooled and evaporated it to dryness 
under nitrogen 
  
Acidify the sample to pH 2 with 12 M HCl. Agitate sample and add ethyl 
acetate (2 x 2ml). Centrifuge for 15 min at 13200 rpm 
 
 Transfer upper layer to a clean Eppendorf tube & evaporate it to drynesss. Add 
1.5 ml methanol/HCl (85:15) and use Folin-Ciocalteau method  
For HPLC analysis, instead of the addition of methanol/HCl, add 100 µl of 2% 
(v/v) aqueous acetic acid and centrifuge. Transfer supernatant to a clean vial for 
analysis 
Add 10 ml of 2 M NaOH & hydrolyze for 2 hours under nitrogen 
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Figure 2.3: Bound phenolic acids extraction  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
2.2.6.2 Total Phenolic Content - Folin-Ciocalteau method  
The total phenolic content was determined using the Folin-Ciocalteau method according to 
Singleton and Rossi (1965) and as modified by Gao et al. (2002).  
Add 10 ml of 2 Molar NaOH & hydrolyze for 2 hours under nitrogen. 
Centrifuge  
 Add 2 ml of 80:20 ethanol/water to 250 mg wholemeal flour 
 
Agitate solutions using a Whirlimixer until all flour is suspended. Sonicate 
sample for 10 min. Centrifuge for 15 min at 5000 rpm 
 
 Remove & discard supernatant. Carry out a second extraction (2 ml) & 
remove and discard supernatant  
 
Add 12 Molar HCl to the supernatant to acidify the sample to pH 2 
Agitate sample and add ethyl acetate (2 x 2ml). Evaporate to dryness under 
nitrogen 
 
Add 1.5 ml methanol/HCl (85:15) and use Folin-Ciocalteau method  
For HPLC analysis, instead of the addition of methanol/HCl, add 100 µl of 2% 
(v/v) aqueous acetic acid and centrifuge. Transfer supernatant to a clean vial 
for analysis 
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Wholemeal flour samples (200 mg) were extracted with HCL/methanol/water, 1:80:10, v/v (4 
ml) at room temperature for 2 hours on a wrist-action shaker. Samples were centrifuged at 
3000 rpm for 10 minutes. Supernatant was used for total phenolics determination. An extract 
of 0.2 ml was added to 1.5 ml freshly diluted 10-fold Folin-Ciocalteau reagent. The mixture 
was left to equilibrate for 5 min and then it was mixed with 1.5 ml of sodium carbonate (60 
g/L). The mixture was incubated at room temperature for 90 min and the absorbance was 
measured at 725 nm. Acidified methanol was used as the blank and gallic acid was used as the 
standard. The concentration of samples was calculated from the standard curve of gallic acid.  
2.2.6.3 HPLC Analysis of phenolic acids 
HPLC analysis was carried out according to the method of Li et al. (2008) using an Agilent 
1100 high-performance liquid chromatography equipped with a photodiode array detector. 
The wavelength used was 280 nm. Separations were carried out using a 250 x 4.6 mm, 5 µm, 
Discovery Reverse phase-Amide C16 column (Sigma Aldrich) with a 20 x 4.0 mm, 5 µm, 
Discovery Reverse phase-Amide C16 precolumn. Column temperature was set at 30 °C. A 
gradient elution program was used with a mobile phase consisting of acetonitrile (solution A) 
and 2% (v/v) acetic acid in water (solution B) as follows: isocratic elution, 100% B, 0-30 min; 
linear gradient from 100% B to 85% B, 30-50 min; linear gradient from 85% B to 50% B, 50-
55 min; linear gradient from 50% B to 30% B, 55-65 min; post time, 10 min before the next 
injection. The flow rate of the mobile phase was 1.0 ml/min, and the injection volume was 20 
µl.  
All phenolic acids were quantified by performing a ratio of phenolic acid peak area to that of 
the internal standard (3,5-dichloro-4-hydroxybenzoic acid) added to every sample and using 
calibration curves of phenolic acid standards having undergone the same extraction procedure 
to ensure that losses due to the extraction were accounted for. All samples were analysed in 
triplicate, and concentrations of individual phenolic acids were expressed in micrograms per 
gram (µg/g) of dry matter (dm). 
2.3 Statistical methodology 
The statistical analyses used in this thesis included sampling design matrix, tests for normality, 
skewness, outliers, means, standard deviations, multi-factorial (two-way) ANOVA, 
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correlations and regression analysis. All analysis was carried out using SPSS statistical 
software. All measurements were carried out in biological duplicates of the wholemeal 
samples except for phenolic acids where triplicates were used. A glossary of abbreviations, 
terms and symbols used is given in Table 2.1. 
Table 2.1: Abbreviations, terms and symbols used in statistical methods 
 
Term Definition 
 
F-statistic 
 
Value resulting from a standard statistical test used in ANOVA and 
regression analysis to determine if the variances between the means 
of two populations are significantly different. 
 
Eta squared (ɳ2) 
 
Estimates the effect size (i.e., the proportion of the variance in the 
quality measured explained by the cultivar and the location). 
 
Kolmogorov-Smirnov 
(K-S) 
 
A statistical test for normal distribution of data. 
 
Skewness 
 
Measure of the lack of symmetry, which can quantify the extent to 
which data distribution differs from a normal distribution. 
 
Bartlett's test (B) 
 
A statistical test for homogeneity of variances. 
 
Pearson's correlation 
coefficient 
 
Measures the correlation between variables. 
 
R
2
 value 
 
Referred to as the coefficient of determination or as “r-squared. In 
the case of paired data, it is a measure of the proportion of variance 
shared by the two variables. 
α Significance level or Type I error rate (the probability of falsely 
rejecting the null hypothesis, set to 0.05, or a 1 in 20 chance of 
making a Type I error). 
CI Confidence interval 
β0 Intercept of linear regression equation 
β1 Slope of linear regression equation 
F Variance ratio test statistic used in ANOVA 
Z-Score Identifies outliers outside the expected normal limits of ± 3.0. Z-
score measures the distance between an observation and the mean, 
measured in units of standard deviation [(observation – mean) / 
standard deviation]. 
MS Mean square 
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N Sample size 
p The conditional probability of obtaining an inferential test statistic at 
least as extreme as the one calculated from the observed set of data 
PCA Principal Components Analysis 
r Pearson's correlation coefficient 
SD Standard deviation 
SS Sum of squares 
t t- test statistic indicates whether or not the difference between two 
groups’ averages most likely reflects a “real” difference in the 
population from which the groups were samples 
Transformations If data deviate from normality due to skewness or outliers, other 
scales such as logarithms and square roots are used to normalize data 
M Mean 
 
2.3.1 Sampling design matrix 
 
Grain quality characteristics (starch, T-AX, WE-AX, WU-AX , fructan , β-glucan, free, 
conjugated, bound and total phenolics, protein and test weight) were each measured in 32 
samples in duplicates of three wheat cultivars (EGA Gregory, Janz, and Peak) grown in 2010 
main season (May to December) across 13 locations (Beckom, Bellata, Bullarah, Canowindra 
Come by Chance, Coolah, Coonamble, Condobolin, Goonumbla, Lockhart, Merriwagga, 
Spring Ridge, and Wagga Wagga). The characteristics of the grain samples and growing 
locations are described in detail in Chapter 3. 
The 3 x 13 sampling design matrix (Table 2.2) was unbalanced, meaning that the grain quality 
measures were not collected for all three cultivars at all 13 locations in 2010. 
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Table 2.2: Sampling design matrix for the three cultivars with duplicate samples  
Location EGA 
Gregory Janz Peake Total 
Beckom 2 2 2 6 
Bellata 2 2 0 4 
Bullarah 2 2 0 4 
Canowindra 2 0 2 4 
Come by chance 2 2 0 4 
Condobolin 2 2 2 6 
Coolah 2 2 2 6 
Coonamble 2 0 0 2 
Goonumbla 2 2 0 4 
Lockhart 2 2 2 6 
Merriwagga 2 2 2 6 
Spring Ridge 2 2 2 6 
Wagga Wagga 2 2 2 6 
Total 26 22 16 64 
 
EGA Gregory was grown at all 13 locations, but Janz was grown at 11 locations, and Peake at 
8 locations, so that seven cells in the design matrix contained zeroes. Ideally, the sampling 
design matrix should have been balanced, with an equal number of replicates within each 
combination of factors, and no cells should contain zeroes. This is because multifactorial 
statistics are most powerful, accurate, and precise when applied to balanced sampling designs 
(Hair et al. 2010). For practical reasons a balanced design was not possible in this study.  
The phenolic acids contents were measured in grains of three wheat cultivars (EGA Gregory, 
Janzas and Peake) grown in 2010. The sampling design matrix is shown in Table 2.2. The free, 
conjugated, bound and total phenolics (μg/g) were measured in the grains of three wheat 
cultivars, giving a total of 96 measurements, including triplicate measurements per sample. 
Because EGA Gregory was sampled at 13 locations, Janz at 11 locations, and Peake at 8 
locations, the sampling design matrix was unbalanced, and included zeroes. Because the 
design was unbalanced, the arithmetically simpler sequential (Type I) sums of squares would 
be biased, with a bias proportional to the degree of imbalance. A General Linear Model 
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approach using Type III sums of squares (SS) was therefore necessary to compensate for the 
unbalanced design (Rutherford, 2001).  
Table 2.2: Sampling design matrix  
  
Location Code 
Cultivar 
Total Location EGA Gregory Janz Peake 
Beckom BECK 3 3 3 9 
Bellata BELL 3 3 0 6 
Bullarah BULL 3 3 0 6 
Canowindra CANO 3 0 3 6 
Come by Chance COME 3 3 0 6 
Condobolin CONA 3 3 3 9 
Coolah COOL 3 3 3 9 
Coonamble COOA2 3 0 0 3 
Goonumbla GOON2 3 3 0 6 
Lockhart LOCK 3 3 3 9 
Merriwagga MER 3 3 3 9 
Spring Ridge SPRR 3 3 3 9 
Wagga Wagga WAR 3 3 3 9 
 Total 39 33 24 96 
 
Phenolics analysis for two seasons was required for statistical significance. However, Peake 
variety was not planted in 2012 season. Therefore, phenolics were measured in two varieties 
grown in 2010 and 2012 seasons across seven locations (Beckom, Bullarah, Coolah, 
Goonumbla, Lockhart, Spring Ridge, and Wagga Wagga) and had an equal number (3 
biological replicate) of measurements of each form of phenolics (free, conjugated, bound or 
total). Consequently the design matrix was balanced. There were 12 (3 replicates x 4 phenolic 
measurements) in each cell of the matrix (Table 2.3). A total of 168 measurements were 
obtained in each year, giving a total of 336 measurements in two years. 
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Table 2.3: Sampling design matrix 
Location Location Code Cultivar Total 
EGA Gregory Janz 
Beckom Beck 12 12 24 
Bullarah Bull 12 12 24 
Coolah Cool 12 12 24 
Goonumbla Goon2 12 12 24 
Lockhart Lock 12 12 24 
Spring Ridge Sprr 12 12 24 
Wagga Wagga War 12 12 24 
 Total 84 84 168 
 
2.3.2 Multi-factorial ANOVA         
The first objective was to use multi-factorial (two-way) ANOVA to evaluate the main effects 
of two factors (the cultivar and the location) on the dependent variables (the grain quality 
measures) and to identify the interaction effects (cultivar x location). The null hypothesis was 
that the main and interaction effects were not significant at the conventional significance level 
of α = 0.05. The decision rule was to reject the null hypothesis if p   0.05 for the F statistic 
(meaning that there is no more than a 5% probability of observing results merely due to 
chance). F-statistics determines the P-value, which is a value resulting from a standard 
statistical test used in ANOVA and regression analysis to determine if the variances between 
the means of two populations are significantly different (Hennekens 1987). In addition to 
statistical significance, the effect size (i.e., the proportion of the variance in the dependent 
variable explained by the factors) was estimated using the eta squared (ɳ2) statistic. Because 
the design was unbalanced, the arithmetically simpler sequential (Type I) sums of squares 
would be biased, with a bias proportional to the degree of imbalance. A General Linear Model 
approach using Type III sums of squares (SS) was therefore used to compensate for the 
unbalanced design (Rutherford, 2001). 
The effects of the locations and the cultivars were random, because the growing sites and 
cultivars were selected randomly from a larger pool of field trials conducted by the GRD ’s 
National Variety Trials (NVT) program.  
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The interpretation of the sums of squares in the ANOVA table output by the SPSS software 
for a random effects model with Type III sums of squares is different to that for a simple fixed 
effects model with Type I sums of squares (Field, 2009). The SPSS output includes the Type 
III sums of squares for the "hypothesis" (i.e., the variance explained by the cultivar or the 
location) and the "error" (i.e., the unexplained or residual variance). The F statistic was 
computed as the ratio between the mean sums of squares (MS) for the hypothesis (given by the 
Type III sums of squares for the hypothesis divided by the degrees of freedom) and the mean 
sums of squares for the error (given by the Type III sums of squared for the hypothesis divided 
by the degrees of freedom). An example is given below using the SPSS ANOVA table for 
total starch: 
 
 
 Type III SS df MS F 
Hypothesis 141.704 2 70.852 5.845 
Error 206.070 17 12.122  
 
 
The mean sums of squares for the hypothesis (that the cultivar has an effect on total starch) is 
141.704 divided by 2 = 70.852. The mean sums of squares for the error is 206.070 divided by 
17 = 12.122. The F statistic is the ratio between the two mean sums of squares, i.e., 70.582 
divided by 12.122 = 5.845. This implied that what was needed in the random effects ANOVA 
models to produce statistically significant effects of cultivar or location on the grain quality 
measures was a high mean sums of squares for the hypothesis and a low mean sums of squares 
for the error. 
Interaction in an ANOVA model means that the effects of one factor depend on the levels of 
another factor, so that the combined effects of the factors are confounded and not simply 
additive. Forest plots were constructed to visually compare the mean measures of the grain 
quality measures ± 95% confidence intervals across the cultivars and locations. Interaction 
plots (two dimensional plots of the mean values for each level of each factor) were constructed 
to visualize the interactions. Parallel lines indicated no interaction. The greater the departure 
of the lines from the parallel state, the higher the degree of interaction. These simple informal 
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graphical techniques of exploratory analysis assisted in the interpretation of the main features 
of the data (Tukey, 1977). The graphics were better than tables because the human mind does 
not easily recognize patterns among numbers tabulated in parallel or series (Fias & Fischer, 
2004).  
The grain quality measures were assumed to be normally distributed, with no outliers (i.e., 
unusually large or small values outside the limits of a normal distribution, that might bias the 
calculations of the sums of squares). It was also assumed that the residuals (the differences 
between the observed values and the mean values) were normal, and had a mean of zero. 
Normality was checked using Kolmogorov-Smirnov (K-S) and skewness statistics. Normality 
was indicated if p > 0.05 for the K-S statistic. Outliers were identified by z-scores outside the 
expected normal limits of ± 3.0. Appropriate transformations were used, if necessary (this was 
applied to FSP), to normalize the grain quality measures if they deviated from normality due 
to skewness and/or outliers (Hair et al., 2010).   
The variances of the grain quality measures were assumed to be equal or homogeneous across 
all the cultivars and locations. If the variances were not equal, then the statistical inferences of 
ANOVA could be compromised. Equality of variance was checked using Bartlett's test, which 
assumed normality. Equality of variance was indicated if p > 0.05 for Bartlett's test statistic.  
2.3.3 Correlation and regression 
The second objective was to use correlation and regression analysis to evaluate the influence 
of the 14 environmental factors on the grain quality measures of the three cultivars. The 14 
environmental factors measured at the growing sites were as follows: average temperature 
before flowering (
o
C); average temperature after flowering (
o
C); average seasonal temperature 
(
o
C); temperature days at 5-10 
o
C (minimum temperatures recorded at 5-10
 o
C) ; temperature 
days at 0-5 
o
C (minimum temperatures recorded at 0-5
 o
C); temperature days at < 0 
o
C 
(minimum temperatures recorded at 0 
o
C); total rainfall before flowering (mm); total rainfall 
after flowering (mm); average seasonal rainfall (mm); average rainfall before flowering (mm); 
average rainfall after flowering (mm); solar exposure before flowering (MJ/m
2
/d); solar 
exposure after flowering (MJ/m
2
/d) and average seasonal solar exposure (MJ/m
2
/d). The soil 
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characteristics and fertilizers used were not available at NVT site for all the locations, 
therefore, they were not considered in the analysis.  
Both the grain quality measures and environmental factors were assumed to be normally 
distributed. This assumption was checked using K-S statistics. A matrix of Pearson's 
correlation coefficients, assuming normally distributed variables, was computed to determine 
if the grain quality measures were correlated with the 14 environmental factors. A significant 
correlation was indicated if p < 0.05 for Pearson's r. The R
2
 value (the proportion of the 
variance in the dependent variable explained by the independent variable) indicated the effect 
size (the effect size is r
2
, referred to as the coefficient of determination or as “r-squared”, and 
it is calculated as the square of the Pearson correlation r. In the case of paired data, this is a 
measure of the proportion of variance shared by the two variables, and varies from 0 to 1, For 
example, with an r of 0.31 the coefficient of determination is 0.0961, meaning that 9.6% of the 
variance of either variable is shared with the other variable).  
A correlation coefficient of statistical significance at α = 0.05 does not imply that the 
relationship between the variables is noteworthy or meaningful. It is the effect size, and not 
the level of statistical significance that matters when interpreting correlation coefficients, 
because the P- value is a function of the sample size, whereas the effect size is not (Chatergee 
& Price, 2007). Consequently, regression analysis was only conducted for the observed 
relationships between grain quality parameters and environmental factors that had a Pearson's 
correlation coefficient ≥ 0.4, reflecting a substantial effect size (R2 ≥ 16%). This meant that a 
minimum of 16% of the variance in the grain quality measures had to be explained by the 
environmental factors before regression analysis was conducted. Any less than 16% of the 
variance explained was considered to be too small to have any practical significance or 
biological meaning in the context of studying genotype x environment interactions. For these 
highly significant relationships, three regression lines (one for each cultivar) were fitted to the 
scatter plots of the grain quality measure (Y) as the dependent variable versus the 
environmental factor (X) as the independent variable. Each regression equation was defined 
by Y = β0 + β1 X where β0 is the intercept, defined as the predicted value of Y when X is zero, 
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and β1 is the standardized slope, defined as how many standard deviations Y will change per 
one standard deviation increase in X.  
Standardization was necessary to determine which of the independent variables had the 
greatest effects on the grain quality characteristics when they were measured using different 
units (Chatergee & Price, 2007). The null hypothesis was that regression coefficient was zero. 
The decision rule was to reject the null hypothesis if p < 0.05 for the t- test, implying that 
coefficient was not zero (a t-test’s statistical significance indicates whether or not the 
difference between two groups’ averages most likely reflects a “real” difference in the 
population from which the groups were samples). Differences between the standardized 
regression coefficients with respect to the three cultivars reflected genotype x environment 
interactions. 
An example is given below using the SPSS linear regression lines for total starch: 
In all three cultivars, the percentage starch content declined with respect to the number of days 
at 0-5
o . The intercepts (β0) and slopes (β1) of the linear regression lines drawn in Figure 2.4 
are presented in order of magnitude in Table 2.4. The t statistics indicated that the regression 
coefficients were significantly different from zero at α = 0.1 
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Figure 2.4: Relationship between environmental factors and temperature (days at 0-5 
o
C) 
stratified by cultivar 
 
 
 
 
Table 2.4: Linear regression of starch content vs. temperature (days at 0-5°C) 
Cultivar 
Regression 
Coefficients t p 
Janz β0 78.9 18.55 <0.001* 
β1 -0.144 -1.85 0.098* 
Peake β0 75.1 22.29 <0.001* 
β1 -0.119 -1.99 0.093* 
EG Gregory β0 75.4 28.13 <0.001* 
β1 -0.095 -1.94 0.079* 
Note: * Significant at α = 0.05 
 
The intercepts (representing the theoretical starch contents if the number of days at 0-5
o
C was 
zero) was highest in Janz (β0 = 78.9%) and lower in Peake (β0 = 75.1%) and EG Gregory (β0 = 
75.4%). The slopes (representing the decline in percentage starch content for every day at 0-
5
o
C) was highest in Janz (β1 = -0.144) and lower in Peake (β1 = -0.119) and EG Gregory (β0 = 
-.095). These results reflected a genotype x environment interaction.  
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2.3.4 Principal Components Analysis 
Principal Components Analysis (PCA) was used to detect continuous variation between the 
grain characteristics of the three cultivars (Shaw, 2003). Three PCA scores were extracted 
from the correlations between the grain quality measures in order to search for patterns and 
reduce the correlation matrix to a more understandable form. PCA thereby permitted 
discrimination between EGA Gregory, Janz, and Peake on the basis of the similarities and 
differences between their quality characteristics. 
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Chapter 3 Growth environment for wheat grain samples 
3.1 Growth locations 
Three wheat (Triticum aestivum L.) varieties were obtained from multiple growth locations in 
the GRD ’s National Variety Trials (NVT). Gregory, Janz and Peake are commercial, hard 
grain milling, Australian wheat cultivars (cv.), which were grown over the main season (May 
to December) of 2010 and 2012. Gregory was grown at Beckom, Bellata, Bullarah, 
Canowindra, Come By Chance, Coolah, Condobolin, Coonamble, Goonumbla, Lockhart, 
Merriwagga, Spring Ridge, Wagga Wagga. Janz cv. was grown in the same locations as 
Gregory cv., except Canowindra and Condobolin. Peake cv. was grown in the same locations 
as Gregory cv., except Bellatah, Bullarah, Come By Chance, Condobolin and Goonumbla 
(Figure 1). The 2012 samples did not include Peake as this cultivar was not sown that year by 
the NVT, and Gregory and Janz were grown in seven areas only (Beckom, Bullarah, Coolah, 
Goonumbla, Lockhart, Spring Ridge and Wagga Wagga). 
             
Figure 3.1: Locations of the growth areas
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The main season wheat crops are sown in late May or early June. The flowering period 
commences in late September and the grain filling commences from the beginning of October 
to harvest in late November or early December. In this study, the growing period was 
calculated from sowing to harvest times given in the NVT website 
(http://www.nvtonline.com.au/). 
3.2 Wheat grain varieties 
The traditional classes of Australian wheat are Australian Prime Hard (APH), Australian Hard 
(AH), Australian Premium White (APW), Australian Standard White (ASW), Australian 
Standard White Noodle (ASWN), Australian Soft (ASFT) and Australian Durum (ADR) 
(http://www.wheatclassificationcouncil.com.au). The classification of each cultivar is made on 
the basis of quality data (such as grain quality, milling quality, dough rheology and 
performance in end products) and regional (that is a Classification Zone) basis. 
In this study three Australian hard wheat varieties were used, namely EGA Gregory, Janz and 
Peake. The grains of Gregory, Janz and Peake varieties display different properties and quality 
attributes (Table 3.1). The characteristics of EGA Gregory, Janz and Peake were obtained 
mainly from NVT website (www.nvtonline.com.au). 
EGA Gregory 
EGA Gregory has an Australian Hard (AH) grain quality classification in Southern New South 
Wales (NSW) and an Australian Premium White (APW) in Victoria and South Australia. This 
wheat cultivar is regarded as having an excellent yield potential in early to middle season 
sowings in Southern NSW, Northern Victoria and favourable growing areas in South 
Australia. EGA Gregory is a medium to slow maturity grain which has good level of 
resistance to all current pathotypes of Stem, Leaf and Strip Rusts. It is also highly resistant to 
Flag Smut and has some resistance to Septoria tritici (NVT). 
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Janz 
Janz is Australian Prime Hard wheat with medium height plant and mid maturity. Janz was a 
major wheat cultivar for many years to 2000. However, it no longer has good resistance to 
stripe rust and black point has become a problem. Janz was listed as an “approved but 
outclassed cultivar” in the 2004 wheat crop guide for NSW (McRae et al., 2004) ( SIR  
Land and Water Science Report 30/09).  
Peake  
Peake has an Australian Hard (AH) quality classification in Victoria, South Australia and 
Southern NSW. Peake is a medium-short height, early-mid maturing, adapted for low and 
medium rainfall areas and has excellent yield potential. This cultivare has excellent resistance 
to stem and leaf rust strains and it is resistant to Cereal Cyst Nematode (CCN) and it is boron 
tolerant (NVT). 
Table 3.1: EGA Gregory, Janz and Peake characteristics. Data obtained from NVT 
website (www.nvtonline.com.au)  
 EGA Gregory Janz Peake 
Breeding Pedigree: 
Pelsart/2*Batavia 
doubled haploid line. 
Parentage: 3 
Ag3/4*Condor//Cook 
Not available 
Climatic suitability Has an excellent yield 
potential in early to 
mid-season sowings. 
Grows well in the main 
season. It suits medium-
low rainfall areas. 
Grows well in the 
main season. Widely 
adapted for low to 
medium rainfall 
areas. 
Grain quality It is classified as APH 
in Queensland & 
Northern NSW, AH in 
central & Southern 
NSW, APW in Victoria 
& South Australia and 
as AH in Western 
Australia. 
It is classified as APH. Has an Australian 
Hard (AH) quality 
classification. 
Bred by Queensland DPI and F Queensland DPI (DEEDI) Victoria DPI 
Released by Not available Not available Nuseed Plant 
breeders 
Year of release 2000 1991 2007 
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Figure 3.2: Whole grains of three varieties harvested from several locations in 2010 and 2012 seasons 
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3.3 Different physical characteristics of wheat grain 
2010 & 2012 Season samples  
The grains of Gregory, Janz and Peake varieties used in this study differed in size, shape and 
color depending on the growth area, which is illustrated in Figure 3.2, 3.3 and 3.4 respectively. 
Grain varieties harvested in 2010 at Canowindra, Spring Ridge and Coolah areas appeared to be 
plumper than those from the other locations. However, grain varieties harvested in 2012 did not 
appear to be plump. There were visible differences in size, shape and color between the wheat 
grain varieties and among the grains from the same cultivar, which were harvested in 2010 and 
2012 seasons as shown in Figure 3.2. It is clear that the physical characteristics were influenced 
by the genotype variability as well as the environment variability and their interactions.  
3.4. Growth environment 
3.4.1 Obtaining data and soil characteristics 
Soil data for the growth areas were obtained from NVT (http://www.nvtonline.com.au/) and 
climate data were obtained from The Australian Government Bureau of Meteorology 
(www.bom.gov.au/) for all the growth sites for daily maximum temperatures, daily minimum 
temperatures, daily rainfall and daily solar exposure. The weather data were collected from 
stations nearest to the growth areas (Tables 3.2 & 3.3). Temperatures, rainfall and daily solar 
exposure were determined before and after flowering and for the entire season during the 
respective periods in the growing season. In general, the growth conditions varied among the 
sites including soil texture and nutrients (Table 3.2 and 3.3). 
The multiple locations used in this study with differing environments in the state of NSW, 
Australia, have provided a varied range of growth conditions with variations in soil texture, soil 
nutrients, temperature, total rainfall and daily solar exposure. The influence of genotypes and 
these environmental factors on wheat quality parameters will be discussed in the following 
chapters.
` 
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Table 3.2: Description of locations and agronomic details for 2010 samples 
 
Goonumbla Come Canowindra Wagga Coolah Bullarah Bellata Coonamble Spring Merriwagga Condobolin Lockhart Beckom 
  
By Chance 
      
Ridge 
    
Soil  
             P (mg/kg)  63.0 29.0 N/A 33.0 N/A 28.0 21.0 N/A 32.0 17.0 16.0 36.0 28.0 
Total N (mg/kg) 25.8 21.1 N/A 19.7 N/A 19.2 69.0 N/A 21.0 15.8 27.6 26.1 41.3 
Texture  4 4 N/A 3 N/A 5 5. N/A 5 4 4 4 4 
Tmax 
             Avg. b.f. 14.8 18.9 15.7 14.0 16.0 19.6 17.8 18.3 15.2 16.4 15.7 14.4 14.5 
Avg. a.f 19.9 24.2 23.0 22.8 24.3 26.5 23.0 22.2 23.3 22.0 23.7 23.0 22.5 
 Season avg. 17.3 21.6 19.4 18.4 20.1 23.0 20.4 20.2 19.3 19.2 19.7 18.7 18.5 
Tmin 
             Avg. b.f. 5.9 6.2 6.1 4.0 4.8 6.7 7.0 5.7 5.0 5.5 4.4 5.1 4.8 
Avg. a.f 16.4 10.3 12.3 8.7 11.9 13.5 12.6 11.7 12.9 9.1 9.00 10.9 11.0 
 Season avg. 11.2 5.2 9.2 6.4 8.4 10.1 9.8 8.7 8.9 7.3 6.7 8.0 7.9 
Tmax-Tmin 
             b.f. 8.9 12.7 9.6 10.1 11.2 12.9 10.8 12.6 10.3 10.9 11.4 9.3 9.7 
a.f. 3.4 13.9 10.7 14.0 12.3 13.0 10.5 10.5 10.4 12.9 14.7 12.1 11.5 
Days b.f. 
              temp.> 40  0 0 0 0 0 0 0 0 0 0 0 0 0 
 temp. >35 0 0 0 0 0 0 0 0 0 0 0 0 0 
 temp. >30  0 0 0 0 0 0 0 0 0 0 0 0 0 
Days a.f. 
              temp.> 40  0 0 0 0 0 0 0 0 0 0 0 0 0 
 temp. >35 0 0 0 0 0 0 0 0 0 2 0 0 0 
 temp. >30  8 11 3 8 8 18 7 7 0 13 9 14 12 
Days b.f. 
              temp. < 5 63 60 46 62 47 46 48 69 55 62 65 65 68 
 temp. < 2 27 32 14 34 31 13 20 32 28 26 37 32 40 
temp. < 0 11 17 4 18 16 8 7 9 15 6 20 10 12 
Days a.f. 
             temp. < 5 5 4 4 12 8 0 1 3 6 12 13 12 11 
 temp. < 2 0 1 0 2 2 0 0 1 1 1 1 0 1 
` 
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Table 3.2: Description of locations and agronomic details for 2010 samples (continued) 
 
Goonumbla Come Canowindra Wagga Coolah Bullarah Bellata Coonamble Spring Merriwagga Condobolin Lockhart Beckom 
  
By Chance 
      
Ridge 
    
 temp. < 0 0 1 0 1 0 0 0 0 0 1 1 0 1 
Rainfall (mm) 
             Total b.f. 247.8 235.0 269.0 235.5 236.2 145.2 215.7 249.6 316.3 181.7 157.6 187.4 234.0 
Total a.f. 150.7 101.5 318.0 357.7 358.4 90.0 103.7 86.2 401.2 152.7 138.0 374.2 181.7 
 season total 398.5 336.5 587.0 593.2 594.6 235.2 319.4 335.8 717.5 334.4 295.6 561.6 415.7 
Monthly avg. b.f. 49.6 47.0 53.8 58.9 59.1 36.3 43.1 49.9 79.1 36.3 39.4 46.9 46.8 
Monthly avg a.f. 50.2 33.8 79.5 89.4 89.6 30.0 34.6 28.7 100.3 50.9 46.0 93.6 45.4 
Avg daily g.s.e. 
             b.f 11.7 13.0 12.1 11.3 13.1 13.8 12.8 12.9 13.0 12.0 12.4 11.1 11.3 
a.f 20.6 20.3 23.6 24.1 23.2 21.1 20.5 21.4 23.2 20.9 23.7 22.2 21.8 
Season avg. 16.1 16.6 17.8 17.7 18.1 17.5 16.7 17.1 18.1 16.4 18.1 16.7 16.6 
              Abbreviations & units: Soil types: 1 sand, 2 sandy loams, 3 loam, 4 loamy clay, 5 clay; b.f., before flowering; a.f., after flowering; g.s.e., global 
solar exposure (MJ/m
2
); N/A, information not found; Tmax, maximum temperatures (°C); Tmin, minimum temperatures (°C); P, available 
phosphorus; Wagga, Wagga Wagga.            
` 
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 Table 3.3: Description of locations and agronomic details for 2012 samples 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Goonumbla Wagga Coolah Bullarah Spring Ridge Lockhart Beckom 
Soil  
       
P (mg/kg)  5.0 31.0 57.0 31.0 33.0 50.0 25.0 
Total N (mg/kg) 5.7 35.4 16.8 9.8 40 16.3 6.1 
Texture 5 4 5 5 4 4 3 
Tmax 
       
Avg. b.f. 16.2 15.3 17.9 21.2 17.2 16.6 16.8 
Avg. a.f. 24.8 24.5 26.1 30.4 25.0 26.0 25.6 
season avg. 20.4 19.9 22 25.8 21.1 21.3 21.2 
Tmin 
       
Avg. b.f. 1.9 2.6 2.9 5.9 2.9 3.1 2.1 
Avg. a.f. 6.9 9.4 9.3 14.1 8.6 11.4 6.9 
season avg. 4.4 3.4 6.1 10.0 5.7 7.3 4.5 
Tmax-Tmin 
       
b.f. 14.3 12.7 15.0 15.3 14.3 13.5 14.7 
a.f. 17.9 15.1 16.9 16.3 16.5 14.6 18.7 
Days b.f. 
       
Days with temp.> 40  0 0 0 0 0 0 0 
Days with temp. >35 0 0 0 0 0 0 0 
Days with temp. >30  0 0 0 4 0 0 0 
Days a.f. 
       
Days with temp.> 40  0 0 0 0 0 1 0 
Days with temp. >35 0 3 2 17 0 6 3 
Days with temp. >30  10 14 20 41 11 18 18 
Days b.f. 
       
Days with temp. < 5 88 78 73 44 69 90 86 
` 
67 
 
 
Table3.3: Description of locations and agronomic details for 2012 samples (continued) 
 
 
 
 
 
 
 
 
 
 
 
 
Abbreviations & units: Soil types: 1 sand, 2 sandy loams, 3 loam, 4 loamy clay, 5 clay; b.f., before flowering; a.f., after flowering; g.s.e., global 
solar exposure (MJ/m
2
); N/A, information not found; Tmax, maximum temperatures (°C); Tmin, minimum temperatures (°C); P, available 
phosphorus; Wagga, Wagga Wagga.  
  
 
Goonumbla Wagga Coolah Bullarah Spring Ridge Lockhart Beckom 
Days with temp. < 2 56 45 51 9 47 45 58 
Days with temp. < 0 43 23 35 2 25 21 30 
Days a.f. 
       
Days with temp. < 5 24 18 14 0 13 15 20 
Days with temp. < 2 16 7 6 0 3 6 5 
Days with temp. < 0 5 3 0 0 0 2 2 
Rainfall (mm) 
       
Total b.f 119.0 79.5 175.6 132.0 123.6 163.5 108.2 
Total a.f. 40.6 57.9 40.6 15.5 68.6 87.0 57.0 
season total 159.6 137.4 216.2 147.5 192.2 250.5 165.2 
Monthly avg. b.f. 29.8 19.9 43.9 33.0 30.9 32.7 21.7 
Monthly avg a.f. 13.5 14.5 13.5 5.2 22.9 21.8 19.0 
Avg daily g.s.e. 
       
B.f. 12.1 10.6 12.2 16.2 12.5 10.2 11.0 
a.f. 23.7 32.4 24.3 24.4 24.0 24.4 23.2 
Season avg. 17.9 21.5 18.2 20.3 18.3 17.3 17.1 
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Chapter 4 Environment and genotype effects on grain quality 
 
4.1 Introduction 
Wheat varieties grown in Australia differ in yield and quality attributes and the response of 
these varieties differ according to their growing environment. Wheat growing areas in 
Australia are characterised by large range of soil, temperature and precipitation conditions 
each year, leading to a large range in wheat quality outcomes across the land. However, 
consistent quality of wheat is requested by local and international markets to produce food 
products of consistent quality in line with standard processing conditions.  
Many studies have examined the influence of genotype and the environment on grain 
development (Mikhaylenko et al., 2000; Panozzo and Eagles 2000; Zhang et al., 2004) and 
their results have indicated that environment (E), genotype (G) and the interactions of 
genotype and the environment (G x E) are all significant factors contributing to variation in 
quality. Other studies have been conducted to examine particular quality parameters as 
influenced by environmental conditions, such as moisture deficit (Guttieri et al., 2001) and 
nitrogen fertilization (Monaghan et al., 2001) and the results of these studies have shown 
the environment to have a significant influence on grain quality parameters. Recent studies 
have been carried out to determine the environmental and genetic effects on certain quality 
parameters, such as the variation in the content of dietary fiber and its components in 
wheat (Gebruers et al., 2010b) and variations on phenolic acids in wheat (Fernandez-
Orozco et al., 2010) and their results have indicated that both the environment and the 
genotypes contribute to the variability of dietary fiber and phenolic acids. However, the 
literature on the relative contributions of genetics, environment and their interactions on 
variability of the quality traits of Australian wheat is limited (Williams et al., 2008). 
The objective of the studies described in this chapter was to assess the relative 
contributions of the environment (E), genotype (G) and the interactions of genotype and 
the environment (G x E) to the variability of quality traits such as test weight, which is 
considered as a reliable indicator of overall wheat quality (Blakeney et al. 2009), grain 
protein content, β-glucan, fructans, total starch content, total arabinoxylans (T-AX) and 
total phenolic acids of multiple wheat grains grown in different locations across the state of 
NSW.  
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4.2 Results 
All data of the grain quality chracteristics measured in this chapter are from the 2010 grain 
samples.  
The correlation matrix (Table 4.1) indicated statistically significant correlations at α = 0.05 
between 12 (60%) of the 20 pairs of variables (Pearson's r = -0.354 to + 0.563). The three 
principal components were extracted from the correlation matrix. The 3-D plot of the three 
principal components plotted in vector space (Figure 4.1) clearly distinguished between the 
grain characteristics of Peake (PCA scores clustered discretely in the top left hand side of 
the plot) versus Janz and EGA Gregory (PCA scores clustered in the lower centre and right 
hand side of the plot). 
Table 4.1: Pearson's correlation coefficients between seven grain quality measures 
showing 14 significant correlations 
 
 
Quality measure Starch (%)  Fructans (%) β-Glucan (%) Protein (%)  T-AX (%) 
Fructans (%) 0 .052     
β-Glucan (%)  0.339* -0.128    
Protein (%) -0.368* -0.471* -0.354*   
T-AX (%)  0.210  0.500* -0.177 -0.441*  
Test weight (kg/hL) -0.032  0.549* 0.108 -0.568*  0.554* 
T. phenolics (μg/g)  -0.054 0.458*  -0.143 -0.354*  0.563* 
      
 * Significant correlation at α = 0.05. Abbreviation: T.Phenolics, total phenolics. 
The descriptive statistics showing means and standard deviations for the grain quality 
measures in EGA Gregory, Janz and Peake for 2010 are compared in Table 4.2.  
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Table 4.2: Descriptive statistics of grain quality traits in wholemeal flour of three 
wheat varieties grown in multiple locations in 2010 
Measure  
EGA Gregory Janz Peake 
M SD M SD M SD 
Total Starch (%) 69.5 2.1 72.2 3.2 68.6 2.9 
T-AX (%) 6.6 1.0 6.2 1.0 2.9 0.7 
Fructans (%) 1.3 0.2 1.0 0.3 0.8 0.2 
β-Glucan (%) 0.3 0.1 0.4 0.4 0.4 0.1 
Total Phenolics (mg/g) 1.92 0.07 1.62 0.01 1.58 0.00 
Protein (%) 12.3 1.5 12.7 1.4 13.8 1.0 
Test Weight (kg/HL) 78.4 3.9 78.0 3.2 72.7 3.9  
Samples used: 32 in duplicates; M, mean; SD, standard deviation. 
 
Principal components analysis was performed to identify patterns in the data and to 
highlight their similarities and differences. The vector plot (Figure 4.1) represents the grain 
quality measures plotted as vectors (lines) representing their loadings (weightings) on each 
principal component. The longer the lines, the greater are the loadings.  
 
Figure 4.1: Vector plot of the principal components extracted from the correlation 
matrix between grain quality measures 
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The first principal component (PCA 1) has the grain quality measures horizontally (a) 
towards the negative pole mainly by protein, which was generally higher in Peake (M = 
13.79%) than in Janz (M = 12.74%) and EGA Gregory (M = 12.25%) and (b) towards the 
positive pole by test weight, T-AX and fructans which were generally lower in Peake (M = 
72.68 kg/hL, 2.94% and 0.8% respectively) than in Janz (M = 77.98 kg/hL, 6.42% and 1.0% 
respectively) and EGA Gregory (M = 78.42 kg/hL, 6.57% and 1.3% respectively). The 
second principal component (PCA 2) has the grain quality measures vertically towards the 
positive pole by total starch and total phenolics which were generally lower in Peake (M = 
68.56% and 1.58 mg/g respectively) than in Janz (M = 72.15% and 1.62 mg/g respectively) 
and EGA Gregory (69.47% and 1.92 mg/g respectively). These plots show that grain quality 
measures that were high in Peake cultivar were clustered horizontally and vertically towards 
the negative pole, while the grain quality measures that were high in Janz and Gregory 
varieties were clustered horizontally and vertically towards the positive pole.  
4.2.1 Effects of cultivar and location on grain quality characteristics 
The limited amount of overlap between the 95% confidence interval (CI) in the error bar 
charts (Figure 4.2) indicated a pattern of differences between the mean measures of the 
studied grain quality characteristics in the three cultivars. Mean total starch was higher in 
Janz than in EGA Gregory and Peake whereas mean fructans, T-AX and total phenolics were 
higher in EGA Gregory than in Janz and Peake. Test weight of EGA Gregory and Janz were 
similar. Mean β-glucan and protein were higher in Janz and Peake than in EGA Gregory.  
Figure 4.2: Error bar chart to compare grain quality measures (mean ± 95% CI) in 
three cultivars 
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Visual examination of the extent of the overlaps between the 95% CI in the error bar charts 
(Figure 4.3) indicated a pattern of similarities between the mean grain quality measures with 
respect to location across the three cultivars. Only protein and test weight appeared to vary 
with respect to location, indicated by the lack of overlaps between some of the 95% CI.  
 
Figure 4.3: Error bar chart to compare grain quality measures (mean ± 95% CI) across 
thirteen locations 
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The results of multifactorial (two-way) ANOVA assuming random and crossed effects 
presented in Table 4.3 confirmed the visual interpretation of the error bar charts. Cultivar had 
a significant effect at α = 0.05 with moderate to large effects sizes (ɳ2) with respect to total 
starch (F = 5.845, p = 0.012, ɳ2 = 0.407); fructans (F = 11.035, p = 0.001, ɳ2 = 0.565); β-
glucan (F = 7.02, p = 0.006, ɳ2 = 0.452); protein (F = 6.005, p = 0.011, ɳ2 = 0.414); T-AX (F 
= 36.693, p < 0.001, ɳ2 = 0.812); test weight (F = 65.035. p <0.001, ɳ2 = 0.884) and total 
phenolics (F = 5.154, p = 0.018, ɳ2 = 0.377). Location had a significant effect at α = 0.05 on 
grain protein (F = 11.943, p <0.001, ɳ2 = 0.894) and test weight (F = 62.488. p <0.001, ɳ2 = 
0.978).  
Table 4.3: ANOVA to determine the random effects of cultivar and location on seven 
measures of grain quality  
Total Starch (%) 
 
Effect Type III SS df MS F p ɳ2 
Cultivar Hypothesis 141.704 2 70.852 5.845 0.012* 0.407 
Error 206.070 17 12.122    
Location Hypothesis 234.276 12 19.523 1.611 0.180 0.532 
Error 206.070 17 12.122    
Cultivar x Location Hypothesis 206.070 17 12.122 34.026 <0.001* 0.948 
Error 11.400 32 0.356    
 
Fructan (g/100 g) 
Effect Type III SS  df MS F p ɳ2 
Cultivar  Hypothesis 2.329  2 1.165 11.035 0.001* 0.565 
Error 1.794  17 0.106    
Location Hypothesis 1.862  12 0.155 1.470 0.228 0.509 
Error 1.794  17 0.106    
Cultivar x Location Hypothesis 1.794  17 0.106 109.825 <0.001* 0.983 
Error 0.031 32 0.001    
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β-Glucan (g/100g) 
Effect Type III SS df MS F p ɳ2 
Cultivar Hypothesis 0.048 2 0.024 7.022 0.006* 0.452 
Error 0.058 17 0.003    
Location Hypothesis 0.082 12 0.007 2.018 0.090 0.588 
Error 0.058 17 0.003    
Cultivar x Location Hypothesis 0.058 17 0.003 2.405 0.016* 0.561 
Error 0.045 32 0.001    
 
Protein (%) 
Effect Type III SS df MS F P ɳ2 
Cultivar Hypothesis 8.200 2 4.100 6.005 0.011* 0.414 
Error 11.607 17 0.683    
Location Hypothesis 97.846 12 8.154 11.943 <0.001* 0.894 
Error 11.607 17 0.683    
 
 
T-AX (%) 
 
Effect Type III SS df MS F p ɳ2 
Cultivar Hypothesis 118.987 2 59.493 36.693 <0.001* 0.812 
Error 27.564 17 1.621    
Location Hypothesis 10.922 12 .910 0.561 0.844 0.284 
Error 27.564 17 1.621    
Cultivar x 
Location 
Hypothesis 27.564 17 1.621 4.514 <0.001* 0.706 
Error 11.495 32 0.359    
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Test Weight (kg/hL) 
Effect Type III SS df MS F p ɳ2 
Cultivar Hypothesis 138.681 2 69.341 65.035 <0.001* 0.884 
Error 18.125 17 1.066    
Location Hypothesis 799.503 12 66.625 62.488 <0.001* 0.978 
Error 18.125 17 1.066    
 
Total Phenolics (μg/g) 
Source Type III SS df MS F p η2 
Cultivar Hypothesis 1809580 2 904790 5.154 0.018* 0.377 
Error 2984288 17 175546    
Location Hypothesis 1604282 12 133690 0.762 0.680 0.350 
Error 2984288 17 175546    
Cultivar X Location Hypothesis 2984288 17 175546 65.809 <0.001* 0.946 
Error 170720 64 2667    
Note * Significant at α = 0.05. 
The main effects were confounded by significant cultivar x location interactions at α = 0.05 
in three grain quality measures: total starch (ɳ2 = 0.948); fructans (ɳ2 = 0.983) and total 
phenolics (ɳ2 = 0.946). No cultivar x location interactions were found with respect to protein, 
and test weight (Figure 4.4). The interactions between the cultivars and the locations are 
depicted visually in the forest plots and/or interaction plots (Figures 4.4 to 4.13).  
Figures 4.4 and 4.5 show that mean of total starch tended to be higher in Janz than in EGA 
Gregory and Peake but not consistently at all locations. At Beckom starch was lower in Janz 
than EGA Gregory and Peake.  
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Figure 4.4: Forest plot of mean total starch (%) ± 95% CI with respect to cultivar and 
location 
 
Figure 4.5: Interaction plot of mean total starch (%) with respect to cultivar and 
location 
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Figures 4.6 and 4.7 show that mean of fructans tended to be higher in EGA Gregory than in 
Janz and Peake, but not at all locations. At Goonumbla, Fructans was higher in Janz than 
Gregory. 
Figure 4.6: Forest plot of mean fructans (%) ± 95% CI with respect to cultivar and 
location 
 
Figure 4.7: Interaction plot of mean fructans (%) with respect to cultivar and location 
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Figures 4.8 and 4.9 show that mean of β-glucan tended to be higher in Janz and Peake than in 
EGA Gregory, apart from at  ondobolin, where β-glucan was lower in Janz than EGA 
Gregory and Peake. 
Figure 4.8: Forest plot of mean β-glucan (%) ± 95% CI with respect to cultivar and 
location 
 
Figure 4.9: Interaction plot of mean β-glucan (%) with respect to cultivar and location 
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Figures 4.10 and 4.11 show that mean of T-AX tended to be higher in EGA Gregory than in 
Janz and Peake at all locations apart from at Condobolin, where T-AX was higher in Janz 
than EGA Gregory and Peake and apart from Come by Chance, where T-AX was higher in 
Janz than EGA Gregory.  
Figure 4.10: Forest plot of mean T-AX (%) ± 95% CI with respect to cultivar and 
location 
 
Figure 4.11: Interaction plot of mean T-AX (%) with respect to cultivar and location 
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Figures 4.12 and 4.13 show that mean of total phenolics tended to be highest in EGA Gregory 
at all sites except Merriwagga and Beckom.  
Figure 4.12: Forest plot of mean total phenolics (μg/g) ± 95% CI with respect to cultivar 
and location 
 
Figure 4.13: Interaction plot of mean total phenolics (μg/g) with respect to cultivar and 
location 
 
Since the replicate measures of protein and test weight (obtained from NVT) were identical, 
there were no 95% CI and consequently Forest plot and interaction plot were not determined. 
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Figure 4.14: Contribution of G, E and G x E on whole meal flour quality traits. The 
data are from Table 4.3. 
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4.2.2 Correlations between environmental factors and grain quality measures 
A matrix of correlation coefficients (Table 4.4) revealed significant correlations between the 
environmental factors and the grain quality measures at α = 0.05. The most highly significant 
correlations (α = 0.001) were as follows: (a) fructans and protein with solar exposure after 
flowering; (b) test weight with average seasonal rainfall and total and average rainfall before 
and after flowering; (c) test weight with solar exposure after flowering and average seasonal 
solar exposure. Some other strong correlations (α = 0.01) included starch with average 
rainfall and solar exposure before flowering and total phenolics with average temperature 
before flowering. 
Scatterplots displaying the relationships between the environmental factors and the grain 
quality measures that were highly significant at α = 0.001, partitioned with respect to the 
three cultivars (Figures 4.15 to 4.19), illustrate the patterns of genotype-environment 
interaction. The linear trend lines, one for each cultivar, drawn through the points using linear 
regression analysis, were not consistently parallel. This indicated that the grain quality 
measures in EGA Gregory, Janz and Peake responded differently to the environmental 
factors, reflecting genotype x environment interactions. These interactions were quantified by 
comparing the slopes and intercepts of the linear trend lines fitted to the scatterplots by 
regression analysis (Table 4.5).  
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Table 4.4: Pearson's correlation coefficients between seven grain quality measures and 
14 environmental factors 
 
Enviro factor  
Starch 
(%) 
 Fructans 
 (%) 
β- Glucan 
(%) 
Protein  
(%) 
T-AX 
(%) 
T-weight 
(kg/hL) 
T-phenolics 
(μg/g) 
        
Avg temp bf 0.207 0.346
**
 0.198 -0.479
***
 0.268
*
 0.401
**
 0.389** 
Avg temp af 0.015 -0.084 -0.042 0.134 -0.037 -0.111 0.187 
Avg s-temp 0.139 0.176 0.104 -0.235 0.151 0.197 0.338* 
Temp1 -0.255
*
 -0.057 -0.173 0.300
*
 -0.192 -0.333
**
 -0.203 
Temp2 -0.378
**
 0.120 -0.066 0.077 -0.012 0.181 0.049 
Temp3 -0.038 -0.319
*
 -0.011 -0.017 0.041 0.141 -0.181 
T-rainfall bf 0.237 -0.363
**
 -0.141 0.118 -0.267
*
 -0.686
***
 -0.289* 
T-rainfall af 0.143 -0.320
**
 -0.173 0.328
**
 -0.308
*
 -0.636
***
 -0.271* 
Avg s rainfall 0.189 -0.357
**
 -0.170 0.265
*
 -0.311
*
 -0.694
***
 -0.295* 
Avg rainfall bf 0.323
**
 -0.305
*
 -0.145 -0.001 -0.197 -0.571
***
 -0.217 
Avg rainfall af 0.190 -0.384
**
 -0.155 0.319
*
 -0.295
*
 -0.673
***
 -0.292* 
S- exposure bf 0.327
**
 0.144 0.152 -0.406
**
 0.178 0.150 0.283* 
S- exposure af -0.105 -0.508
***
 -0.166 0.472
***
 -0.309
*
 -0.583
***
 -0.327* 
Avg s-exposure .087 -0.394
**
 -0.070 0.213 -0.189 -0.462
***
 -0.147 
        
* Significant correlation at * α = 0.05; ** α = 0.01; *** α = 0.001.  
Abbreviations and units: Enviro factor, environmental factor; Avg temp bf, average 
temperature before flowering (°C); Avg temp af, average temperature after flowering (°C); 
Avg s-temp, average seasonal temperature (°C); Temp1, minimum temperature (days at 5-10 
°C); Temp2, minimum temperature (days at 0-5 °C); Temp3, minimum temperature (days at 
< 0 °C); T-rainfall bf, total rainfall before flowering (mm), T-rainfall af, total rainfall after 
flowering (mm); Avg s rainfall, average seasonal rainfall (mm); Avg rainfall bf, average 
rainfall before flowering (mm); Avg rainfall af, average rainfall after flowering (mm); S- 
exposure bf, before flowering (MJ/m
2
/d); S-exposure af, after flowering (MJ/m
2
/d); Avg s-
exposure, Average seasonal (MJ/m
2
/d); T-phenolics, total phenolics; T-weight, test weight.
 84 
 
Figure 4.15 illustrates the effect of an increase in the average temperature before flowering, 
which was correlated with a reduction in protein and an increase in total phenolics in EGA 
Gregory, Janz, and Peake.  
Figure 4.15: Regression of protein (%) and total phenolics (μg/g) vs. average 
temperature before flowering (°C) stratified by cultivar 
 
 
 
Figure 4.16 illustrates the effect of an increase in the total rainfall before and after flowering, 
which was correlated with a reduction in test weight in EGA Gregory, Janz and Peake. 
Figure 4.16: Regression of test weight (kg/hL) vs. total rainfall before and after 
flowering (mm) stratified by cultivar  
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Figure 4.17 illustrates the effect of an increase in the solar exposure before flowering, which 
was correlated with an increase in total phenolics in EGA Gregory, Janz, and Peake. 
Figure 4.17: Regression of solar exposure before flowering (MJ/m
2
/d) vs. total phenolics 
(μg/g) stratified by cultivar 
 
 
 
Figure 4.18 illustrates the effect of an increase in the average seasonal solar exposure, which 
was correlated with a decrease in test weight, in EGA Gregory, Janz, and Peake. 
Figure 4.18: Regression of average seasonal solar exposure (MJ/m
2
/d) vs. test weight 
(kg/hL) 
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Figure 4.19 illustrates the effect of an increase in the solar exposure after flowering, which 
was correlated with a decrease in fructans and test weight, and an increase in protein, in EGA 
Gregory, Janz, and Peake.  
Figure 4.19: Regression of solar exposure after flowering (MJ/m
2
/d) vs. fructans (%), 
test weight (kg/hL), and protein (%) stratified by cultivar 
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Table 4.5: Genotype x environment interactions indicated by linear regression of grain quality measures on environmental factors in 
three genotypes, β0 is the intercept and β1 is the standardized slope (statistical methodology in Chapter 2, section 2.3.3) 
Environmental factor Grain quality measure EGA Gregory Janz Peake R
2
 % 
β0 β1 β0 β1 β0 β1 
         
Solar exposure after flowering (MJ/m
2
/d) Fructans (%) 2.30* -0.26 3.86* -0.61* 4.05* -0.79* 25.80 
Protein (%) 2.75 0.40* 2.37 0.47* 6.53 0.31 16.50 
Test Weight (kg/hL) 115.19* -0.58* 109.66* -1.43* 100.81* -1.23* 34.00 
Solar exposure before flowering (MJ/m
2
/d) Total Phenolics (μg/g) -89.57 0.71* 94.73 0.77* 862.63* 0.25 40.40 
Average seasonal solar exposure(MJ/m
2
/d) Test Weight (%) 126.05* -0.49* 1148.85 -0.50* 103.51* -0.33 21.30 
Average temperature before flowering (
o
C) Protein (%) 19.01* -0.52* 15.98* -0.27 25.06* -0.59* 22.90 
Total Phenolics (μg/g) 695.17* 0.54* 604.17 0.78* 261.87* 0.53* 36.90 
Average seasonal rainfall (mm) Test Weight (kg/hL) 85.49* -0.70* 83.61* -0.69* 82.25* -.737* 48.20 
Average rainfall before flowering (mm) Test Weight (kg/hL) 85.96* -0.60* 83.05* -0.51* 82.06* -.706* 32.60 
Total rainfall before flowering (mm) Test Weight (kg/hL) 85.80* -0.70* 81.58* -0.63* 83.51* -0.78* 47.10 
Total rainfall after flowering (mm) Test Weight (kg/hL) 84.10* -0.63* 88.81* -0.67* 79.68* -0.63* 40.40 
Note: This table contains only the grain quality measure and environmental factors that were correlated with Pearson's r ≥ 0.406 (effect size R2 ≥ 
16.5%). * Regression coefficient significantly different from zero at α = 0.05. β0 is the intercept, and β1 is the standardized slope.  
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As discussed in Chapter 2, section 2.3.3, three regression lines (one for each cultivar) were 
fitted to the scatter plots of the grain quality measure (Y) as the dependent variable versus the 
environmental factor (X) as the independent variable. Each regression equation was defined 
by Y = β0 + β1 X where β0 is the intercept, defined as the predicted value of Y when X is 
zero, and β1 is the standardized slope, defined as how many standard deviations Y will 
change per one standard deviation increase in X. For example, the slopes (representing the 
decline, negative sign, in percentage fructans for solar exposure) were high in Peake (β1 = -
0.786) and low in Janz (β1 = -0.608).  
Greater amounts of solar exposure after flowering were found to: (a) correlate significantly 
with a decrease in fructans in Janz (β1 = -0.61) and Peake (β1 = -0.79) but not in EGA 
Gregory (β1 = 0) (if β1 was not significant, it is considered to be zero); (b) correlate 
significantly with an increase in protein in EGA Gregory (β1 = 0.40) and Janz (β1 = 0.47) but 
not in Peake (β1 = 0); and (c) correlate significantly with a decrease test weight in all three 
cultivars, but less so in EGA Gregory (β1 = -0.58) than in Janz (β1 = -1.43) and Peake (β1= -
1.23). Total phenolics correlated positively with respect to solar exposure before flowering in 
EGA Gregory (β1 = 0.71) and Janz (β1 = 0.77) but not in Peake (β1 = 0). 
Test weight correlated negatively with respect to average seasonal solar exposure in EGA 
Gregory (β1 = -0.49) and Janz (β1 = -0.50) but not in Peake (β1 = 0). An increase in average 
temperature before flowering was found to (a) correlate significantly with a decrease in 
protein in EGA Gregory (β1 = -0.54) and Peake (β1 = -0.59) but not in Janz β1 = 0); and (b) 
correlate significantly with an increase in total phenolics in EGA Gregory (β1 = 0.54) and 
Peake (β1 = 0.53) and most highly in Janz (β1 = 0.78). 
An increase in average seasonal rainfall was found to: (a) correlate significantly with a 
decrease in test weight in all three cultivars, but more so in Peake (β1 = -0.78) than in EGA 
Gregory (β1 = -0.70) and Janz (β1 = -0.69). 
Higher rainfall before flowering was found to correlate significantly with a smaller test 
weight in all three cultivars, but more so in Peake (β1 = -0.78) than in EGA Gregory (β1 = -
0.60) and Janz (β1 = -0.51). Higher total rainfall after flowering correlated significantly with a 
smaller test weight in EGA Gregory (β1 = -0.63) Janz (β1 = -0.67) and Peake (β1 = -0.63). 
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4.3 Statistical methods 
All the grain quality measures were normally distributed, indicated by p > 0.05 for the K-S 
statistics (Table 4.6).  
Table 4.6: Test for normality of grain quality measures in three cultivars 
 
Grain quality measure N M SD K-S p 
Total Starch (%) 64 70.16 3.07 0.57 0.899 
Fructans (%) 64 1.08 0.33 0.64 0.811 
β Glucan (%) 64 0.36 0.06 1.23 0.098 
Protein (%) 64 12.80 1.45 0.80 0.546 
Total Arabinoxylans (%) 64 5.55 1.77 1.06 0.214 
Total Phenolics (μg/g) 64 1705.45 28.44 .525 0.946 
Test Weight (kg/hL) 64 76.83 4.34 1.09 0.184 
 
Table 4.7: Test for skewness in grain quality measures 
 
Grain quality measure Skewness 
Total Starch (%) +0.26 
Fructans (%) -0.15 
β-Glucan (%) +0.46 
Protein (%) -0.12 
Total Arabinoxylans (%) -0.53 
Total Phenolics (μg/g) +0.24 
Test Weight (kg/hL) -0.15 
 
Table 4.8: Test for outliers in grain quality measures using z-scores 
Grain quality measure Minimum z-score Maximum z-score 
Total Starch (%) -2.1 2.7 
Fructans (%) -2.0 2.2 
β- Glucan (%) -2.1 2.8 
Protein (%) -1.7 1.9 
Total Arabinoxylans (%) -2.0 1.7 
Total Phenolics (μg/g) -2.0 2.5 
Test Weight (kg/hL) -2.2 1.9 
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The standardized residuals (the differences between the mean values and the measured 
values), expressed in standard deviations, computed in SPSS software as part of the 
ANOVA procedure are presented in Table 4.9. Protein and test weight were excluded 
because the replicate measures were identical, therefore there were no residuals. All the 
standardized residuals had a mean of zero and were normally distributed, indicated by p > 
0.05 for the K-S statistics (Table 4.9). Consequently, the assumption of residual normality 
was not violated.  
Table 4.9: Test for normality of unstandardized ANOVA residuals of grain quality 
measures between cultivars and locations 
 
Grain quality measure N M SD K-S p 
 Total Starch (%) 64 0.00 0.43 0.370 0.999 
 Fructans (%) 64 0.00 0.02 0.772 0.591 
 β- Glucan (%) 64 0.00 0.03 0.789 0.562 
 Total Arabinoxylans (%) 64 0.00 0.43 0.766 0.600 
Total Phenolics (μg/g) 64 0.00 0.71 0.502 0.963 
  
The variances in all the grain quality measures were equal across the cultivars and 
locations indicated by p > 0.05 for Bartlett's test (Table 4.10). Consequently the 
assumption of homogeneity of variance was not violated. Protein and test weight were 
excluded because the replicate measures were identical, therefore there were no variances. 
 
Table 4.10: Bartlett's test (B) for equality of variance of grain quality measures across 
cultivars and locations 
Grain quality measure B p 
Total Starch (%) 33.32 0.355 
Fructans (%) 15.67 0.985 
β- Glucan (%) 15.45 0.987 
Total Arabinoxylan (%) 16.20 0.987 
Total Phenolics (μg/g)  27.60 0.642 
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4.4 Discussion 
The studies described in this chapter have shown that the genotypes varied in quality 
parameters depending on the trait (descriptive statistics Table 4.2 and the error bar charts 
Figure 4.2). Gregory had the highest content of fructans (1.3%), T-AX (6.6%), total 
phenolics (1.92 mg/g) and kernel test weight (78.4 kg/hl), Janz had the highest content of 
total starch (72.2%), and Peake had the highest content of grain protein (13.8%). β-glucan 
content was high in Janz and Peake (0.4%). Gregory (78.4 kg/hl) and Janz (78.0 kg/hl) 
cultivars met the minimum requirement of test weight (74 kg/hl) of the current Grain Trade 
Australia (GTA) wheat standards, while Peake (72.7 kg/hl) failed to meet this GTA 
requirement. Genotypic variations in wheat quality traits have been reported in several 
studies (Blakeney et al. 2009; Guler 2010; Paynter and Harasymow, 2010; Huynh, 2008; 
Li et al. 2008; Finlay et al. 2007).  
Measures of effect size in ANOVA indicate the degree of correlation between an effect 
(e.g., location, cultivar, and location x cultivar interaction) and a dependent variable (e.g., 
starch content). Effect sizes indicated by eta squared (η2) are not connected to statistical 
significance indicated by p-values. Effect sizes and p-values must be and should be 
interpreted separately. The effect size is the most useful statistic, because it provides the 
best information about the relative impacts of the environment (E), genotype (G) and their 
interactions (G x E) (i.e., the practical significance of the data). The p-value provides less 
useful information about whether or not the data in the population deviate from 
randomness (i.e., the statistical significance of the data).  
Practical significance (indicated by effect sizes) and statistical significance (indicated by p-
values) are entirely different and disconnected concepts. The advantage of the effect size is 
that, unlike the p-value, it is not just a function of the sample size. The effect size is a 
stable value that does not change in relation to the sample size, and it is not compromised 
by an unbalanced sampling design. In contrast, the p-value is often not significant (p > 
0.05) if the sample size is small, when the sampling design is unbalanced, but is significant 
(p < 0.05) when the sample size is high and the sampling design is balanced. The question 
of whether effect sizes should be computed and interpreted in preference to p-values has 
been answered by many statisticians, who have argued that the primary product of 
statistical analysis should be measures of effect size in the sample and not p-values in the 
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population. Many statisticians have suggested that p-values should be abandoned or at least 
reduced in importance, in favour of effect sizes (Brown, 2008; Ferguson, 2009; Hill, 2004; 
Kline 2004; Thomas, 1991 and Vacha-Haase 2001).  
The partial effect size (η2) computed by AN VA in SPSS is defined as “the proportion of 
the variance in the dependent variable explained by each of the hypothesized effects plus 
the error variance associated with that effect” (Brown, 2008). Using the AN VA table 
output by SPSS, the partial effect size is the Hypothesis Sum of Squares divided by the 
Error Sum of Squares plus the Hypothesis Sum of Squares). If Error is zero (i.e., all the 
Error Type III Sum of squares in the ANOVA table = 0) then all the partial effect sizes will 
add up to 1.0, and it is possible to represent each partial effect size as a fraction of 1.0. 
However, because there is always Error Type III Sum of Squares in the ANOVA table, 
then the sum of the three partial effect sizes (for cultivar, location, and cultivar x location) 
always add up to greater than 1.0 and it is not justified to compute each effect size, as a 
percentage of the total of the three effect sizes, because the effect sizes are not statistically 
comparable in this way. To compare the effect sizes as percentages in a pie chart some 
hand calculations must be carried out using the Sum of Squares in the ANOVA table. The 
absolute effect size for each Hypothesis must be calculated, excluding the Error Sum of 
Squares (i.e., the Sum of Squares due to the Hypothesis divided by the Total sum of 
squares for all the hypotheses).  
Using total starch from the data as an example,  
Total Hypothesis is 141.704 + 234.276 + 206.070 = 582.05 
Absolute η2 for Cultivar (not computed by SPSS) = Cultivar Hypothesis Sum of 
Squares/Total Hypothesis Sum of Squares)  
= 141.704 / 582.05 = 0.243 
Absolute η2 for Location (not computed by SPSS) = Cultivar Hypothesis Sum of 
Squares/Total Hypothesis Sum of Squares)  
= 234.276 / 582.05 = 0.403 
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Absolute effect size for Cultivar x Location = Cultivar x Location Hypothesis Sum of 
Squares/Total Hypothesis Sum of Squares  
= 206.070 / 582.05 = 0.354 
Since the additions of 0.243, 0.403 and 0.354 equals 1, then it is justified to compare the 
three effect sizes using percentages. The absolute effect sizes expressed as percentages are 
24.3% for Cultivar, 40.3% for Location, and 35.4% for Cultivar x Location. It is justified 
to compare these three percentages, which add up to 100%, using a pie chart.  
The mean grain quality measures with respect to location across the three cultivars were 
similar except for protein and test weight, which appeared to vary with respect to location 
(error bar charts Figure 4.3). The large differences in grain protein content between some 
of the growing locations, such as Merriwagga (about 12.6% for all varieties) and Wagga 
Wagga (about 15.0% for all varieties) is noteworthy. This indicates that growing 
conditions were the main factors driving grain protein content. The results of ANOVA 
(Table 4.3) confirmed the visual interpretation of the error bar charts (Figure 4.3) and 
showed that growth location strongly influenced wheat grain protein. Grain protein content 
is one of the traits known to be strongly affected by the environment and management (Li 
et al., 2009 and Koppel, R. & Ingver, A., 2008).   
Genotype, environment and their interactions played important roles in determining the 
outcomes for the quality traits examined in this study. Genotype contributed significantly 
to the variability of T-AX and fructans (Figure 4.14), total phenolics were strongly 
influenced by G x E interactions while growth environment strongly influenced wheat 
grain protein, total starch, β-glucan and test weight.  
Wheat whole meal flour is known to have different antioxidants and secondary metabolites 
such as phenolic compounds (Adom and Liu 2002). The chemical constituents in whole 
meal flour are often reported with limited information about the effects of the growing 
conditions of the plant. The results in this chapter indicated that an increase in daily solar 
exposure before flowering had a moderate positive correlation with total phenolics (Table 
4.4). Solovchenko and Merzlyak (2009) and Rivero et al. (2003) reported that phenolics 
accumulate during earlier stages of development and hence the effect was found before 
flowering. It is likely that wheat grain plants exposed to high solar radiation would produce 
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more UV/light screening chemicals (secondary metabolites such as phenolics) to protect 
the plant/seed from the damaging effects of the radiation (Solovchenko and Merzlyak, 
2009). Similarly, an increase in average temperatures before flowering had strong positive 
correlations with total phenolics (Table 4.12). It is assumed that phenolic compounds 
accumulate as an apparent defense mechanism against temperature stress (Rivero et al. 
2003). 
The inverse correlation between starch and protein in wheat grain is well known (Park et 
al., 2009). An increase in daily solar exposure before flowering had strong positive 
correlation with starch content and a strong negative correlation with grain protein. This 
might be related to photosynthesis and starch formation. Minimum temperature (days at 5-
10  ) had a moderate negative correlation with starch and a moderate positive relationship 
with grain protein. In addition, average seasonal temperature and solar exposure after 
flowering, were correlated with both starch and grain protein although they were inverse 
relationships. High temperatures and the duration of high temperatures influence starch 
content (Liu et al., 2010). Liu et al. (2010) used two wheat cultivars and four temperature 
treatment levels (25, 30, 35 and 40 °C) to study the effect of high temperature on starch 
granules in grains of wheat on selected days after anthesis (DAA) (2003/04 experiment: 
15-17, 19-21, 25-27 and 33-35 DAA; 2004/05 experiment: 1-3, 6-8, 13-15, 19-21, 25-27, 
33-35 and 36-38 DAA). The results indicated that high temperatures (35 °C and 40 °C) 
after anthesis had negative effects on starch content, which varied at different filling 
stages. Li et al. (2013) examined the effects of drought and heat stress conditions on grain 
yield and quality. The results indicated that heat stress above 36-38 °C has a positive effect 
on grain protein content. All wheat grain samples used in this study did not experience 
high temperatures (35 °C and 40 °C), except for Merriwagga, which had two days above 
35°C (35 and 36 °C) (Chapter 3, Table 3.2). However, all samples experienced extensive 
duration of solar exposure before harvest. This explains the negative coorelation between 
solar exposure after flowering and starch content and the positive coorelation between 
solar exposure after flowering and grain protein content. 
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Test weight was strongly affected by the environment (Figure 4.14). Therefore, growing 
conditions (average temperature before flowering, minimum temperature (days at 5-10  ), 
total rainfall after flowering, total seasonal rainfall, average rainfall after flowering and 
solar exposure after flowering) had strong relationship with test weight. These growing 
conditions strongly correlated with both test weight and grain protein although they were 
inverse relationships.  
Fructans were affected strongly by the environment and the interactions of genotype and 
the environment (Figure 4.14). Therefore, growing conditions (average temperature before 
flowering, total rainfall before flowering, total rainfall after flowering, total seasonal 
rainfall, average rainfall after flowering and solar exposure after flowering) had 
moderate/strong relationships with fructans. Fructans had strong negative correlations with 
total rainfall before flowering, after flowering and total seasonal rainfall. Livingston et al. 
(2009) reported that fructans function is to protect plants from drought stress. Plants in this 
study did not experience drought stress so the negative correlations between the content of 
fructans and rainfall are consistent with the reports of Livingstone et al. (2009). 
Total arabinoxylans were influenced slightly by E (7%) and moderately by G x E (17%) 
(Figure 4.14). Therefore, growing conditions (average temperature before flowering, total 
rainfall before flowering, total rainfall after flowering, total seasonal rainfall, average 
rainfall after flowering and solar exposure after flowering) had moderate relationships with 
T-AX. The study showed that the content of arabinoxylans was negatively correlated with 
total rainfall. Coles et al. (1997) reported that drought conditions induce increase in 
arabinoxylans. Plants in this study did not experience drought stress so the negative 
correlations between the content of arabinoxylans and rainfall are consistent with the 
reports of Coles et al. (1997). 
Correlations between the quality parameters (Table 4.1) depend on genetic and 
environmental factors. Grain protein was significantly inversely correlated with total starch 
(r = -0.368), β-glucan (r = -0.354), fructans (r = -0.471), test weight (r = -0.568), T- AX (r 
= -0.441) and total phenolics (-0.354). The negative correlation between grain protein and 
total starch and grain protein and test weight is in line with Jarvis (2006), the negative 
correlation between grain protein content and β-glucan is similar to that reported by Miller 
et al., in 1993, but not in agreement with Guler (2010). The disagreement with Guler 
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(2010) might be due to two factors. The first factor is related to the fact that Guler used 
durum wheat and the second factor is related to the differences in climatic conditions. The 
average temperature for the research location of Guler’s study was considerably cooler and 
had less precipitation than the locations of the present study.  
 The negative relationship between grain protein content and fructan content was in 
agreement with Liang et al. (2000), the negative correlation between grain protein and T-
AX is in agreement with Li et al. 2009 and the negative correlation between grain protein 
and total phenolics was in contrast to the finding of Fernadez-Orozco et al. (2010) who did 
not find a significant correlation between the contents of grain proteins and phenolic acids. 
The difference might be as a result of the fact that Fernadez-Orozco et al. (2010) tested 26 
bread wheat cultivars compared to three in the present study. It is possible but not detailed 
in Fernadez-Orozco et al. (2010) study that some of those cultivars might have had a 
significant correlation but as a whole they concluded that there was no “significant 
correlation”. Hence a coorelation existed but was cosidederd insignificant. Furthermore, 
the 26 cultivars were grown in Europe, specifically in Hungary, France, United Kingdom 
and Poland and these reflect European climatic conditions (temperature, precipitation, soil, 
nutrients etc.) which are different to those of NSW in Australia.  
A significant positive correlation was found between fructans and total arabinoxylans and 
both are enriched in the aleurone layer (Izydorczyk, 2002). Total arabinoxylans were 
positively correlated with total phenolics and this expected because of the presence of 
phenolic moieties in the molecular structure of arabinoxylans.  
The analysis of this study indicated that both the timing (before and after flowering) and 
the duration of weather factors during crop development significantly influence wheat 
quality and this finding is in line with the findings of Jarvis (2006) and Finlay et al. (2007). 
The results of this study relate only to the varieties and sites selected, although some 
generalisations were made. 
4.5 Conclusion 
The studies described in this chapter show that genotypes varied in quality depending on 
the trait and that variability of quality traits of wheat grains can be described in terms of 
the effects of genotype, environment and their interactions (G x E). For the seven quality 
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parameters tested, the environment related variation was large in total starch, grain protein, 
β-glucan and test weight, the genotype related variation was large in T-AX and fructans 
while the interactions of genotype and the environment contributed substantially to 
variation in total phenolics. This clearly demonstrates the importance of environmental 
factors on wheat grain quality traits. Genotype contributed significantly to the variability of 
all the traits tested. The variance result for wheat whole meal flour arabinoxylans may 
merit special attention by wheat breeders as it indicates that this trait is relatively stable to 
genetic manipulation. This outcome has practical significance, as arabinoxylans are well 
known to be related to dough physical properties especially flour water absorption. Among 
the three genotypes in this study, Peake possessed the lowest total arabinoxylans content.  
Weather conditions (average temperature before flowering, total rainfall after flowering, 
total seasonal rainfall, average rainfall after flowering and solar exposure after flowering) 
influenced fructans, grain proteins, T-AX, test weight and total phenolics moderately at α = 
0.05 and strongly at α = 0.01 & 0.001. 
The influence of genotype and the growing conditions on starch pasting and thermal 
properties, T-AX and its fractions and total phenolics and its fractions will be discussed 
further in subsequent chapters.  
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Chapter 5 Starch functional properties 
5.1 Introduction 
Starch is the main storage reserve carbohydrate of higher plants and it is the major source 
of energy in the human diet. Starch makes an essential contribution to food structure and 
hence quality. Starch pasting properties are parameters related to quality and functionality 
of food products and can assist a processor in optimizing ingredient concentrations and 
temperature-pressure-shear limits to achieve a desired product. One of the essential 
properties of starch is related to its water absorbing ability after heating, which results in 
gelatinization and loss of granular organization (Blazek and Copeland, 2008). During the 
gelatinization process, amylose is preferentially solubilised (Parker and Ring, 2001) and 
leaches from the starch (Anguita et.al., 2006). It has been suggested that lower molecular 
weight components of amylopectin are also solubilised during gelatinization (Parker and 
Ring, 2001). Pasting properties are often assessed from pasting curves obtained using a 
Rapid Visco analyser (RVA), a heating and cooling viscometer that monitors the resistance 
of a sample to controlled shear. The starch-water paste behaviour is affected by the 
chemical and physical properties of the sample, including the amount and type of starch, 
and the presence of lipids, proteins and low molecular weight solutes (Dang and Copeland, 
2004). RVA provides useful information for bakery products such as bread, cakes and 
cookies products (Ragaee and Abdel-Aal 2006). Several other studies have shown that 
pasting properties and gelatinization parameters of starch are influenced by genotype and 
environment. For example, the pasting properties determined by the RVA of different 
starch varieties are influenced by genotype (Blazek and Copeland, 2008). In addition, 
pasting characteristics of starch are not only influenced by genotype, but also influenced by 
environmental factors during growing period (Dang and Copeland, 2004). Wang et al. 
(2013) have also indicated that viscosity parameters of different rice varieties are 
influenced by genotype and environment. Understanding the effects of genotype (G), 
environment (E) and their interactions (G x E) on starch will be of great help to the food 
industry.  
This chapter assesses the relative contributions of genotype, environment and their 
interactions on variability of pasting properties of wheat starch.  
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5.2 Results 
5.2.1 Descriptive Statistics 
The descriptive statistics (mean ± 95% confidence intervals) for the seven pasting 
properties of the samples in EGA Gregory, Janz, and Peake at the multiple locations 
(Tables 5.1, 5.2 and 5.3) are derived from the RVA pasting profiles in Figures 5.1and 5.2. 
In general, the mean viscosity measures tended to be consistently higher in EGA Gregory 
than in Janz and Peake; however, the mean time to peak viscosity and the pasting 
temperature varied inconsistently between the three cultivars. The mean viscosity measures 
also varied inconsistently with respect to location, and no systematic pattern was apparent. 
The RVA profiles of water-starch mixture (6%) from Gregory (Figure 5.1) are 
representatives of starch from all varieties in this study. These profiles of starch from the 
same cultivar were different between locations. Also the profiles of starch of the three 
varieties were different. Total amylose of Gregory, Janz and Peake were 26, 30 and 32%, 
respectively. The results of the RVA curves (Figure 5.2) and Table 5.9 indicated that as the 
amylose content increased the peak viscosity decreased.  
The viscosity curves were noisy (Figure 5.1 - 5.2) because 1.6 g of starch was used instead 
of the ideal 3 g, which was not possible due to limited amount of sample. Noisy viscosity 
curves are typical of low sample concentrations tests (Perten Instruments Australia, 2013). 
Condobolin starch samples exhibited a lack of viscosity and that normally indicates 
sprouting damage, which may not be visible in grain. Visual sprouting was not detected in 
the Condobolin starch samples. However, the Bureau of Meteorology recorded 36 mm of 
rainfall in Condobolin, on the 15
th
 November, 2010, which was ten days before harvest. 
Therefore, the grain was probably in the early stages of sprouting, which was not 
noticeable but might have been the factor that influenced the viscosity curve of Condobolin 
starch samples. Consequently, Condobolin starch samples were considered as outliers and 
although shown in Figure 5.1, were excluded from the statistical analyses. 
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Figure 5.1: RVA profile of Gregory starch (6% w/w) wheat cultivar grown at 
multiple areas in 2010 season. Samples grown in Condobolin showed a lack of 
viscosity, which is an indication of sprouting damage. 
 
 
Figure 5.2: Average RVA profiles of starch (6% w/w) of the three wheat varieties, 
Gregory, Janz and Peake grown in multiple locations in 2010 season. 
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Table 5.1: Descriptive statistics for seven measures of pasting properties in Gregory at 9 locations 
Location  
Peak 
Viscosity 
(Cp) 
Time to Peak 
Viscosity 
(min) 
Trough 
Viscosity 
(Cp) 
 Breakdown 
Viscosity 
(Cp) 
 Setback 
Viscosity 
(Cp) 
Final 
Viscosity 
(Cp) 
Pasting 
Temperature 
(
o
C) 
Beckom Mean 351.50 5.90 224.50 127.00 119.50 345.50 91.20 
SD 2.12 0.05 2.12 0.00 2.12 2.12 1.13 
Bellata Mean 344.50 5.97 256.50 88.00 106.50 359.00 95.65 
SD 0.71 0.00 3.54 2.83 0.71 2.83 0.28 
Bullarah 
Mean 
SD 
351.00 
0.00 
5.73 
0.00 
227.00 
0.00 
124.00 
0.00 
81.0 
0.00 
308.00 
0.00 
94.65 
0.00 
Coolah Mean 356.00 5.75 235.50 120.50 78.00 313.50 94.90 
SD 7.07 0.07 12.02 4.95 4.24 7.78 0.42 
Coonamble Mean 112.50 5.22 76.50 39.00 29.00 97.00 96.30 
SD 2.12 0.07 2.12 0.00 1.41 4.24 1.63 
Goonumbla Mean 129.50 5.07 88.00 40.50 15.00 103.00 94.75 
SD 0.71 0.09 0.00 0.71 0.00 0.00 0.57 
Lockhart Mean 299.00 5.70 219.50 79.50 127.00 346.50 85.58 
SD 4.24 0.33 0.71 4.95 0.00 0.71 1.24 
Merriwagga Mean 190.50 5.24 79.50 110.50 71.00 153.50 94.65 
SD 0.71 0.03 3.54 2.12 1.41 0.71 0.71 
Wagga Wagga Mean 388.50 6.13 330.00 91.85 110.00 410.25 94.97 
SD 0.71 0.00 0.00 0.21 0.00 0.35 0.02 
Note: SD of 0.00 means that the replicates gave identical values.
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Table 5.2: Descriptive statistics for seven measures of pasting properties in Janz at 9 locations 
Location  
Peak 
Viscosity 
(Cp) 
Time to Peak 
Viscosity 
(min) 
Trough 
Viscosity 
(Cp) 
 Breakdown 
Viscosity 
(Cp) 
 Setback 
Viscosity 
(Cp) 
Final 
Viscosity 
(Cp) 
Pasting 
Temperature 
(
o
C) 
Beckom Mean 163.50 5.37 99.50 64.50 78.85 178.00 79.30 
SD 0.71 0.07 0.71 0.71 0.21 0.00 0.21 
Bellata Mean 180.50 5.50 112.50 67.85 65.00 177.50 94.18 
SD 0.71 0.00 0.71 0.21 0.00 0.71 0.25 
Bullarah Mean 81.00 5.20 41.00 40.00 22.50 63.50 89.60 
SD 2.83 0.00 4.24 0.71 3.54 0.71 0.07 
Come by Chance Mean 93.50 6.43 56.50 38.50 29.50 85.00 95.00 
SD 0.71 0.00 0.71 3.54 0.71 0.00 0.00 
Coolah Mean 193.00 5.37 119.00 77.00 97.50 216.50 86.00 
SD 4.24 0.00 2.83 1.41 3.54 0.71 0.35 
Goonumbla Mean 169.50 5.47 112.00 56.50 55.00 167.50 94.40 
SD 0.71 0.09 0.71 0.71 0.71 0.71 0.14 
Lockhart Mean 161.50 5.65 111.50 50.10 67.10 178.50 94.90 
SD 0.71 0.00 0.71 0.14 0.14 0.71 0.07 
Spring Ridge Mean 220.60 5.53 147.00 73.00 98.50 247.00 94.88 
SD 0.85 0.00 0.00 1.41 0.71 2.83 0.60 
Wagga Wagga Mean 96.50 5.73 63.00 33.50 41.50 104.50 87.50 
SD 0.71 0.00 0.00 0.71 0.71 0.71 0.07 
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Table 5.3: Descriptive statistics for seven measures of pasting properties of Peake at 7 locations 
Location  
Peak 
Viscosity 
(Cp) 
Time to Peak 
Viscosity 
(min) 
Trough 
Viscosity 
(Cp) 
 Breakdown 
Viscosity 
(Cp) 
 Setback 
Viscosity 
(Cp) 
Final 
Viscosity 
(Cp) 
Pasting 
Temperature 
(
o
C) 
Beckom Mean 174.50 5.90 113.50 34.50 76.50 182.00 77.40 
SD 0.71 0.0 0.71 0.71 0.71 2.83 0.00 
Canowindra Mean 185.00 5.70 128.30 56.60 74.00 202.75 79.05 
SD 1.41 0.05 1.84 0.57 1.41 1.06 0.14 
Coolah Mean 190.60 5.60 125.60 67.00 74.75 199.85 84.95 
SD 0.57 0.09 0.71 2.83 1.06 0.21 0.28 
Lockhart Mean 146.50 6.40 95.00 51.00 69.00 164.00 84.75 
SD 0.71 0.47 0.00 0.00 0.00 0.00 0.35 
Merriwagga Mean 260.80 5.50 157.80 103.50 90.40 247.20 69.10 
SD 0.28 0.14 1.13 0.71 0.57 0.28 0.00 
Spring Ridge Mean 105.50 5.40 41.50 63.75 44.00 84.50 94.82 
SD 0.71 0.19 0.71 0.35 1.41 0.71 0.05 
Wagga Wagga Mean 133.50 5.87 88.00 45.50 61.00 154.00 78.88 
SD 3.54 0.49 5.66 2.12 2.83 1.41 0.04 
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5.2.2 Multifactorial ANOVA 
The results of multifactorial ANOVA to determine the random effects of cultivar and location 
on the seven measures of the pasting properties are presented in Table 5.4 and Figure 5.3. 
Table 5.4: ANOVA to determine the effects of cultivar and location on pasting 
properties 
(a) Peak Viscosity  
Effect Type III Sum 
of Squares 
df Mean 
Square 
F p η2 
Cultivar 
Hypothesis 170072.511 2 85036.256 5.576 0.021* 0.503 
Error 167765.906 11 15251.446    
Location 
Hypothesis 113347.169 12 9445.597 0.619 0.789 0.403 
Error 167765.906 11 15251.446    
Cultivar x  Hypothesis 167765.906 11 15251.446 179.754 <0.001* 0.987 
Location Error 2206.000 26 84.846    
* Significant effect at α = 0.05 
 
(b) Time to Peak Viscosity  
 
Effect Type III Sum 
of Squares 
df Mean 
Square 
F p η2 
Cultivar 
Hypothesis 0.585 2 .293 2.074 0.172 0.274 
Error 1.552 11 .141    
Location 
Hypothesis 4.640 12 .387 2.741 0.053 0.749 
Error 1.552 11 .141    
Cultivar x  Hypothesis 1.552 11 .141 5.642 <0.001* 0.705 
Location Error .650 26 .025    
* Significant effect at α = 0.05 
 
(c) Trough Viscosity  
 
Effect Type III Sum 
of Squares 
df Mean 
Square 
F p η2 
Cultivar 
Hypothesis 96682.327 2 48341.164 4.657 0.034* 0.458 
Error 114194.339 11 10381.304    
Location 
Hypothesis 66438.911 12 5536.576 .533 0.852 0.368 
Error 114194.339 11 10381.304    
Cultivar x  Hypothesis 114194.339 11 10381.304 228.838 <0.001* 0.990 
Location Error 1179.500 26 45.365    
* Significant at α = 0.05 
 
  
105 
 
(d) Breakdown Viscosity  
Effect Type III Sum 
of Squares 
df Mean 
Square 
F p η2 
Cultivar 
Hypothesis 12124.287 2 6062.143 6.528 0.014* 0.543 
Error 10214.380 11 928.580    
Location 
Hypothesis 16491.695 12 1374.308 1.480 0.262 0.618 
Error 10214.380 11 928.580    
Cultivar x  Hypothesis 10214.380 11 928.580 18.444 <0.001* 0.886 
Location Error 1309.000 26 50.346    
* Significant effect at α = 0.05 
 
(e) Setback Viscosity  
Effect Type III Sum 
of Squares 
df Mean 
Square 
F p η2 
Cultivar 
Hypothesis 8079.905 2 4039.953 3.080 0.087 0.359 
Error 14430.178 11 1311.834    
Location 
Hypothesis 26572.022 12 2214.335 1.688 0.197 0.648 
Error 14430.178 11 1311.834    
Cultivar x  Hypothesis 14430.178 11 1311.834 38.173 <0.001* 0.942 
Location Error 893.500 26 34.365    
* Significant effect at α = 0.05 
 
(f) Final Viscosity  
Effect Type III Sum 
of Squares 
df Mean 
Square 
F p η2 
Cultivar 
Hypothesis 154973.560 2 77486.780 4.388 0.040* 0.444 
Error 194233.857 11 17657.623    
Location 
Hypothesis 166731.843 12 13894.320 0.787 0.658 0.462 
Error 194233.857 11 17657.623    
Cultivar x  Hypothesis 194233.857 11 17657.623 288.741 <0.001* 0.992 
Location Error 1590.000 26 61.154    
* Significant effect at α = 0.05 
(g) Pasting Temperature 
Effect Type III 
Sum of 
Squares 
df Mean 
Square 
F p η2 
Cultivar Hypothesis 793.158 2 396.579 23.610 <0.000* 0.561 
Error 621.498 11 16.797    
Location Hypothesis 860.864 12 71.739 4.271 <0.000* 0.581 
Error 621.498 11 16.797    
Cultivar x  Hypothesis 614.088 11 55.826 711.456 <0.000* 0.997 
Location Error 7.410 26 0.285    
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ANOVA produced very consistent results for each pasting property. All the cultivar x 
location interactions were highly significant (p < 0.001) reflecting genotype x environment 
interactions. The effect sizes for the interactions were very large (peak viscosity = 0.987; time 
to peak viscosity = 0.705; trough viscosity = 0.990; breakdown viscosity = 0.866; setback 
viscosity = 0.942; and final viscosity = 0.992) implying that the source of most of the 
variance in the pasting property measures was the cultivar x location interactions. With the 
exceptions of peak viscosity and trough viscosity, the effect sizes for location were 
consistently larger than the effects sizes for cultivar, implying the environment, in general, 
had a greater effect on the pasting property measures than the genotype. 
Figure 5.3: The relative contribution of the G, E and G x E to variability in starch 
pasting properties of Gregory, Janz and Peake (data from Table 5.7) 
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5.2.3 Correlations between pasting properties and environmental factors 
The matrix of Pearson’s r coefficients (Table 5.5) based on the 50 samples indicated multiple 
significant correlations at α = 0.05 between the seven measures of the pasting properties. 
Peak viscosity was positively correlated with the four other viscosity measures, and 
negatively correlated with pasting temperature. Time to peak viscosity was negatively 
correlated with breakdown viscosity. Trough viscosity was positively correlated with the 
other four viscosity measures. Breakdown viscosity was positively correlated with the other 
four viscosity measures, and negatively correlated with time to peak viscosity and pasting 
temperature. Pasting temperature was negatively correlated with all the other pasting 
measures with the exception of time to peak viscosity and trough viscosity. The matrix of 
Pearson’s r coefficients (Table 5.6) based on 50 samples indicated multiple significant 
correlations at α = 0.05 between the pasting properties, total amylose, total starch, flour 
swelling power (FSP) and starch swelling power (SSP). 
Table 5.5: Correlation coefficients between seven measures of pasting properties 
(Pearson’s r) 
 PV (cP) TPV (min) TV (cP) BD (cP) SB (cP) FV (cP) 
TPV (min) -0.01      
TV(cP) 0.94* 0.13     
BD (cP) 0.76* -0.28* 0.50*    
SB (cP) 0.79* 0.14 0.73* 0.63*   
FV (cP) 0.95* 0.10 0.96* 0.61* 0.89*  
PT (
o
C) -0.30* 0.21 -0.18 -0.41* -0.45* -0.33* 
*Significant correlation at α = 0.05.  
Abbreviations: PV, peak viscosity; TPV, time to peak viscosity; TV, trough viscosity; BD, 
breakdown viscosity; SB, setback viscosity, FV, final viscosity and PT, pasting temperature. 
 
Table 5.6: Correlation coefficients between pasting properties, amylose, starch, FSP, 
and SSP (Pearson’s r) 
 
 
* Significant correlation at α = 0.05. Abbreviation: T-AM, total amylose. 
Parameter T-AM (%) Starch (%) FSP (%) SSP (%) 
PV (cP) -0.42* 0.30* 0.34* 0.45* 
TPV (min) -0.1 0.12 0.60* 0.40* 
TV (cP) -0.37* 0.25 0.39* 0.47* 
BD (cP) -0.41* 0.33* 0.12 0.23 
SB (cP) -0.26 0.25 0.34* 0.51* 
FV (cP) -0.34* 0.27 0.38* 0.52* 
PT (cP) 0.11 -0.48* -0.14 -0.32* 
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Total amylose was negatively correlated with peak, trough, breakdown, and final Viscosity, 
implying that when amylose increases viscosities decrease. Flour swelling power and SSP 
were positively correlated with all pasting parameters except for the pasting temperature, 
implying that the viscosities generally increased in proportion to the swelling powers. 
 
Table 5.7: Correlation coefficients between pasting properties and environmental 
factors (Pearson’s r) 
Enviro.  
factor 
PV TPV TV BD SB FV PT 
 (cP)  (min) (cP) (cP) (cP) (cP)  (°C) 
Avg temp bf 0.04 -0.05 0.00 0.13 -0.21 -0.07 0.27 
Avg temp af  0.19 0.19 0.18 0.15 0.11 0.17 0.12 
Avg s-temp  0.12 0.07 0.09 0.15 -0.07 0.05 0.22 
Temp1 -0.01 0.18 -0.01 -0.00 0.26 0.08 -0.34* 
Temp2 -0.07 -0.03 0.07 -0.06 0.03 -0.04 -0.22 
Temp3 -0.28
*
 -0.08 -0.23 -0.31* -0.26 -0.26 -0.05 
T-rainfall bf -0.13 0.13 -0.08 -0.21 0.14 -0.02 -0.06 
T-rainfall af 0.01 0.21 0.08 -0.16 0.33* 0.16 0.06 
Avg s rainfall -0.04 0.19 0.02 -0.19 0.27 0.10 0.02 
Avg rainfall bf -0.15 0.15 -0.09 -0.24 0.05 -0.06 0.07 
Avg rainfall af -0.01 0.13 0.04 -0.14 0.31* 0.12 0.06 
S- exposure bf 0.00 -0.20 -0.05 0.12 -0.16 -0.09 0.26 
S-exposure af -0.05 0.06 0.02 -0.18 0.12 0.05 -0.16 
Avg s-exposure -0.04 -0.07 -0.02 0.09 0.01 -0.01 0.86 
* Significant correlation at α = 0.05 
Abbreviations and units: Enviro. factor, environmental factor; Avg temp bf, average 
temperature before flowering (°C); Avg temp af, average temperature after flowering (°C); Avg 
s-temp, average seasonal temperature (°C); Temp1, temperature (days with minimum of 5-10 
°C); Temp2, temperature (days with minimum of 0-5 °C); Temp3, temperature days with 
minimum of < 0 °C; T-rainfall bf, total rainfall before flowering (mm), T-rainfall af, total 
rainfall after flowering (mm); Avg s rainfall, average seasonal rainfall (mm); Avg rainfall bf, 
average rainfall before flowering (mm); Avg rainfall af, average rainfall after flowering (mm); 
S- exposure bf, solar exposure before flowering (MJ/m
2
/d); S-exposure af, solar exposure after 
flowering (MJ/m
2
/d); Avg s-exposure, Average seasonal solar exposure (MJ/m
2
/d).  
 
The Pearson’s r coefficients (Table 5.7) based on 50 samples indicated only five significant 
correlations at α = 0.05 (r = - 0.28 to 0.34) between the pasting properties and the 
environmental factors, with low effect sizes (R
2 
= 7.8% to 11.6%). Peak viscosity (r = - 0.28) 
and breakdown viscosity (r = - 0.31) tended to decline with respect to minimum temperatures 
below zero. Pasting temperature tended to decline (r = - 0.34) with respect to minimum 
  
109 
 
temperatures of 5-10 
°
C. Setback viscosity tended to increase with respect to total rainfall 
after flowering (r = 0.33) and average rainfall after flowering (r = 0.31).  
The results of the linear regression between peak viscosity vs. temperature (days with 
minimum temperature of < 0 
°
C) for EGA Gregory, Janz, and Peake are illustrated in Figure 
5.4. Peak viscosity declined significantly with increasing days with freezing temperatures in 
Peake (β1 = - 0.723, p = 0.002, R
2
 = 5.2%); however, in EGA Gregory and Janz, peak 
viscosity did not significantly vary (β1 ≈ 0.0 p >0 .05) with respect to the number of days at   
0 
°
C.  
Figure 5.4: Regression of peak viscosity vs. temperature (days with minimum of < 0 °C) 
 
 
 
 
 
 
Cultivar β0 (Intercept) Standardized β1 
(Slope) 
R
2
 p 
EGA Gregory 305.8* -0.155 2.4% 0.567 
Janz 129.8* 0.187 3.5% 0.429 
Peake 258.9* -0.723* 5.2% 0.002* 
Note: * Significant at α = 0.05 
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The results of the linear regression between breakdown viscosity vs. temperature (days with 
minimum of < 0 
°
C) in EGA Gregory, Janz, and Peake are illustrated in Figure 5.5. 
Breakdown viscosity declined significantly with increasing days with freezing temperature in 
EGA Gregory (β1 = -0 .435, p = 0.043, R
2
 = 18.9%) and in Peake (β1 = - 0.436, p = .041, R
2
 = 
19.0%); however, in Janz, breakdown viscosity did not vary significantly (β1 ≈ 0.0 p > .05) 
with respect to the number of days at < 0 
°
C. 
Figure 5.5: Regression of breakdown viscosity vs. temperature (days with minimum of < 0 
°
C) 
 
 
Cultivar β0 (Intercept) Standardized β1 
(Slope) 
R
2
 p 
EGA Gregory 115.7* -0.435* 18.9% 0.043* 
Janz 49.05* 0.190 3.6% 0.423 
Peake 77.49* -0.436* 19.0% 0.041* 
 Note: * Significant at α = 0.05 
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The results of the linear regression between setback viscosity vs. total rainfall after flowering 
in EGA Gregory, Janz, and Peake are illustrated in Figure 5.6. Setback viscosity increased 
significantly with increasing rainfall in EGA Gregory (β1 = 0 .485, p = 0.047, R
2
 = 23.5%) 
and in Janz (β1 = 0.684 p = 0.002, R
2
 = 46.8%); however, in Peake setback viscosity did not 
vary significantly (β1 ≈ 0.0 p > .05) with respect to rainfall. 
Figure 5.6: Regression of setback viscosity vs. total rainfall after flowering 
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Cultivar β0 (Intercept) Standardized β1 
(Slope) 
R
2
 p 
EGA Gregory 25.39 0.485* 23.5% 0.047* 
Janz 20.0 0.684* 46.8% 0.001* 
Peake 65.2* -0.017 0.0% 0.951 
  Note: * Significant at α = 0.05 
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5.3 Statistical methods 
5.3.1 Test for residual normality 
All the grain quality measures were normally distributed, indicated by p > 0.05 for the K-S 
statistics (Table 5.8).  
Table 5.8: Kolmogorov-Smirnov test for residual normality  
Pasting Property K-S p 
Peak Viscosity (Cp) 0.673 0.755 
Time to Peak Viscosity (min) 1.262 0.083 
Trough Viscosity (Cp) 0.460 0.984 
Breakdown Viscosity (Cp) 0.795 0.553 
Setback Viscosity (Cp) 0.789 0.552 
Final Viscosity (Cp) 0.372 0.999 
Pasting Temperature (
o
C) 0.679 0.756 
 
5.3.2 Test for homogeneity of variance 
The variances in the pasting property measures were homogeneous across the cultivars and 
locations, indicated by p > 0.05 for Bartlett's test. However, this finding did not apply to 
pasting temperature (Table 5.9).  
Table 5.9: Bartlett’s test (B) for homogeneity of variance 
Pasting Property B p 
Peak Viscosity (Cp) 27.21 0.345 
Time to Peak Viscosity (min) 23.98 0.294 
Trough Viscosity (Cp) 17.60 0.859 
Breakdown Viscosity (Cp) 21.63 0.543 
Setback Viscosity (Cp) 10.87 0.990 
Final Viscosity (Cp) 20.71 0.709 
Pasting Temperature (
o
C) 70.12 <0.001 
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5.4 Discussion 
There is a need for more knowledge on the effect of genotype, environment and their 
interactions on pasting properties of wheat starch. Contributions of genotype, environmental 
factors and the interactions of genotype and the environment to the variability of the 
functional properties of starch are shown in Table 5.4 and Figure 5.3.  
The RVA profiles were significantly different for the same cultivar grown in different 
locations in the same season (Table 5.1, 5.2 and 5.3 and Figure 5.1). Dang and Copeland 
(2004) found a similar trend in rice varieties grown in different environments and proposed 
that these differences in the RVA profiles may be attributed to differences in fine structure of 
amylose or amylopectin in the samples. Dang and Copeland suggested that localized abiotic 
and biotic factors at the growth locations may promote subtle but significant differences in 
the fine structure of amylose and amylopectin, which would affect their water-absorbing 
capacity, and in turn, the viscoelastic properties of starch paste. Of the starches used in this 
study, Peake had the highest amylose content, and its RVA profile showed a lower peak 
viscosity, lower trough viscosity and a lower pasting temperature compared to Gregory and 
Janz (Table 5.1, 5.2 and 5.3 and Figure 5.2). This was in agreement with Juhasz and Salgo 
(2008) who indicated that the peak viscosity of maiz starch is negatively correlated with 
amylose content. 
The contributions of genotype, environment and their interactions to the variability of the 
pasting properties varied. Genotype was the dominant contributor to the variability of starch 
peak viscosity, the environment was the dominant contributor to the variability of BD, SB 
and PT, whereas the interactions of genotype and the environment were the dominant 
contributors to the variability of TV and FV (Table 5.4, Figure 5.3). The findings of this 
study were not consistent with Yun and Quail (1999) who studied five Australian wheat 
varieties (Cadoux, Rosella, Hartog, Egret and Sunco) and indicated that starch pasting 
properties are mainly influenced by genotype. The reasons for this difference might be related 
to fact that Yun and Quail extracted starch from a 60% extraction flour while in this study a 
wholemeal flour was used to extract starch.  
The effects of growth conditions on starch pasting properties were significant in PV, BD, SB 
and TP. The PV of Peake starch cultivar had a significant negative correlation with 
temperature days with minimum of < 0 °C (Table 5.7 and Figure 5.4) and had a positive but 
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not significant correlation with average temperatures before and after flowering. This finding 
is similar to previous results of Lisle et al (2000) and Fitzgerald et al (2003), who reported 
elevated growth temperatures correlated positively with peak viscosity of two Australian rice 
cultivars, Amaroo and Illabong.  
These pasting parameters provide useful information for the end use quality. Peak viscosity 
indicates the water-holding capacity of the starch or mixture and it is often correlated with the 
quality of the final product. It also provides an indication of the viscous load likely to be 
encountered by a mixing cooker. Breakdown viscosity indicates the ability of starch to 
withstand the heating and shear stress applied in the RVA, which is an important factor for 
many processes. Trough is a measure of starch stability. It indicates how fast or slow the 
viscosity is lost. Setback viscosity involves retrogradation or re-ordering of the starch 
molecules during cooling and it has been correlated with texture of various products. Final 
viscosity is the parameter that is used to define a particular sample’s quality, as it indicates 
the ability of the starch to form a viscous paste or gel after cooking and cooling (Perten 
Instruments, 2012). 
5.5 Conclusion 
The results of this study provide an indication of the level of the influences of different 
genotype, environment and their interactions on the pasting properties of Australian wheat 
starches. The variability of pasting properties was due to genotype, environment and their 
interactions. Cold temperatures (temperature days with minimum of 5-10 °C) and freezing 
temperature (temperature days with minimum of < 0 °C) had negative correlations with pasting 
temperature and PV and BD viscosities, respectively. Total and average rainfall had a positive 
correlation with SB viscosity. Pasting properties had negative relationship with amylose 
content but positive relationships with starch swelling power. This study has shown that RVA 
profiles were significantly different for the same cultivar grown in different locations in the 
same season. Subtle differences may not be picked up by chemical analysis and pasting 
analysis may be required to confirm the behavior of wheat starch in food systems.  
The next chapter will describe the variability of total arabinoxylans, water un-extractable 
arabinoxylans and water extractable arabinoxylans due to the influences of genotype, 
environment and their interactions. 
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Chapter 6 Arabinoxylans 
6.1 Introduction 
AX are one of the major NSP present in wheat kernels and make up about 4 to 8% of the dry 
matter, depending on cultivar and environmental conditions (Finnie et al., 2006; Saulnier et 
al., 2007). AX amount, structure and physicochemical properties vary greatly between wheat 
varieties (Maslen et al. 2007), including average molecular weight distribution, branching 
pattern, extractability with water (Finnie et al. 2006) and interaction with other cell wall 
components such as lignin and cellulose (Revanappa et al. 2007). Whole-meal wheat flour 
contains AX, which contributes to both viscous soluble and insoluble forms of dietary fiber. 
The AX content in wheat can vary from 4.4 to 6.9% (Gebruers et al., 2010b) of which 75% 
are WU-AX and 25% are WE-AX. WU-AX are tightly bound to the inside of wheat 
endosperm cell walls, while WE-AX are loosely bound to the outside (Barron et al., 2006; 
Saulnier et al., 2008). AX are hydrophilic and tend to compete for water with other 
constituents in the food system via hydrogen-bonding (Finnie et al., 2006), hence WE-AX 
and WU-AX have a strong tendency to absorb water and swell. WE-AX can retain 4-6 times 
its weight of water while WU-AX is able to retain 7-10 times its weight (Courtin & Delcour, 
2002; Finnie et al., 2006).  
AX have significant impact on the use of cereal grain (including milling, baking and animal 
feed) due to their viscosity in aqueous solutions and hydration properties. The high viscosity 
of flour dough extracts is caused mainly by WE-AX. WE-AX stabilise protein films against 
thermal disruption and prolong the shelf life of bread by reducing staling (Courtin and 
Delcour, 2002). Pasting properties of wheat starch and flour are known to be influenced by 
hydrocolloids or gums (Rosell et al. 2001) and many of them have been investigated to 
exploit their influences on bread staling (Dickinson 2003; Gavilighi et al. 2006). However, 
research on the influence of AX on the pasting properties of wheat flour and starch is very 
limited even though AX compete well for water with the other components of flour and 
consequently influence the pasting properties of flour (Saqib et al. 2012). Santos et al. (2002) 
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have indicated that WE-AX have detrimental effects on starch gelation and Yin and Walker 
(1992) reported that peak viscosity of starch decreases with the addition of WE-AX. 
Different starches have varied gelatinization temperatures and enthalpies, which are related to 
gelatinization endotherms (Gupta et al. 2009). Hung et al. (2006) reported that waxy wheat 
starch with high amount of amylopectin exhibits high gelatinization temperatures due to its 
high crystallinity. Gupta et al. (2009) also reported that amylose, lipid contents and branch 
chain-length distribution of amylopectin influence pasting properties of starch.  
Many studies have investigated the effect of AX on dough mixing, baking and wheat flour 
end-use quality. However, few studies have investigated the contribution of genotype, 
environment and their interactions to variations in AX and its fractions. Understanding the 
source of variation in AX and its fractions contents will be very useful to plant breeders.  
The objectives of the studies described in this chapter were to assess the relative contribution 
of genotype, environment and their interactions to the variability of AX and its fractions in 
grains from commercial Australian wheat (Triticum aestivum L.) varieties and to assess the 
effect of WE-AX addition on thermal and pasting properties of starches of three different 
wheat cultivars. Kukri, QAL2000 and QA-WX-83 were selected to represent starch from 
hard, soft and soft waxy wheat grains, respectively. Starch and WE-AX were isolated from 
Kukri, QAL2000, and QA-WX-83 whole meal wheat flour. 
6.2 Results  
There are two data sets – one for the assessment of the relative contribution of genotype, 
environment and their interactions to the variability of AX and its fractions in Gregory, Janz 
and Peake varieties and the other one for the assessment of the effect of WE-AX addition on 
thermal and pasting properties of starches of Kukri, QAL2000 and QA-WX-83 wheat 
cultivars.  
6.2.1 Contributions of G, E and G x E on variability of AX in grains  
Gregory, Janz and Peake wheat varieties grown at 13, 11 and eight locations, respectively, in 
2010 as described in section 3.2 were used in this study. Total arabinoxylans were estimated 
using Megazyme kit (section 2.12) and also total AX, WE-AX and WU-AX contents were 
estimated using orcinol-HCl method (section 2.13). The full data set of total AX, WE-AX 
and WU-AX content was used for analysis of variance (ANOVA, Table 6.2) and components 
  
117 
 
of variance (Figure 6.3) to determine the effects of genotype, environment and their 
interactions on these parameters. Forest plots were constructed to compare visually the mean 
measures of the grain quality measures at ± 95% confidence intervals across the cultivars and 
locations. Interaction plots (two dimensional plots of the mean values for each level of each 
factor) were constructed to visualize the interactions (Figure 6.4-6.9). Correlation and 
regression analyses were examined between the grain quality measures and the 14 
environmental factors (Table 6.3 and 6.4 and Figure 6.10 – 6.14). 
Corraltion matrixes [Table 1 (CD ROM) & Table 7.2) indicated statistically significant 
correlations at α = 0.05 between AX and some other quality traits. WU-AX were correlated 
positively with fructans, test weight and total phenolics but negatively correlated with 
protein. WU-AX correlations were the same as the correlations of T-AX with the same traits 
(Chapter 4, Table 4.1). On the other hand WE-AX was negatively correlated with test weight. 
6.2.1.1 Arabinoxylans content using Megazyme kit and orcinol-HCl methods 
As shown in Table 6.1, Megazyme and orcinol-HCl method results of total arabinoxylans 
were comparable across all the varieties. The orcinol-HCl method was used to provide 
estimations for the content of WE-AX and WU-AX as Megazyme method was not designed 
for their estimations. The mean of total arabinoxylans (T-AX) was higher in Gregory and 
Janz than in Peake. T-AX and WU-AX contents varied between the cultivars. T-AX ranged 
from 2.9% to 6.6%, WU-AX ranged from 2.8% to 6.5% but WE-AX content was 0.1% for 
each of the cultivars. The ratio of arabinose to xylose was 0.6 for each of the three varieties 
(Table 6.5).  
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Table 6.1: Arabinoxylans content in Gregory, Janz and Peake cultivars 
Measure  
EGA Gregory Janz Peake 
M SD M SD M SD 
       
Megazyme method       
T-AX (%) 6.4 0.6 5.5 0.5 2.8 0.6 
A/X (%) 0.6 0.0 0.6 0.0 0.6 0.0 
Orcinol-HCl method       
Total AX (%) 6.6 1.0 6.2 1.0 2.9 0.7 
WE-AX (%) 0.1 0.0 0.1 0.0 0.1 0.0 
WU-AX (%) 6.5 1.0 6.1 1.0 2.8 0.7 
       
Abbreviation: A/X, arabinose to xylose ratio; M, mean; SD, standard deviation. 
6.2.1.2 Effects of cultivar and location on grain quality characteristics 
Visual examination of the limited amount of overlap between the 95% CI in the error bar 
charts (Figure 6.1) indicates a pattern of differences between the mean measures of total AX, 
WU-AX and WE-AX in the three cultivars. Mean total AX, WU-AX were higher in EGA 
Gregory than in Janz and Peake.  
Figure 6.1: Error bar chart to compare AX (mean ± 95% CI) in three cultivars 
 
Visual examination of the extent of the overlaps between the 95% CI in the error bar charts 
(Figure 6.2) indicated a pattern of similarities between the mean grain quality AX measures 
with respect to location across the three cultivars. Only WE-AX appeared to vary with 
respect to location, indicated by the lack of overlaps between some of the 95% CI.  
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Figure 6.2: Error bar chart to compare AX (mean ± 95% CI) across thirteen locations 
 
The results of seven multifactorial (two-way) ANOVAs assuming random and crossed effects 
presented in Table 6.2 confirmed the visual interpretation of the error bar charts. Cultivar had 
a significant effect at α = 0.05 with moderate to large effects sizes (ɳ2) (ɳ2 = eta squared) with 
respect to total arabinoxylans (F = 36.693, p < 0.001, ɳ2 = 0.812); water extractable 
arabinoxylans (F = 15.471, p < 0.001, ɳ2 = 0.645) and water un-extractable arabinoxylans (F 
= 36.665, p < 0.001, ɳ2 = 0.812). Location had a significant effect at α = 0.05 on water 
extractable arabinoxylans (F = 10.012, p < 0.001, ɳ2 = 0.876). 
Table 6.2: ANOVA to determine the random effects of cultivar and location on three 
measures of grain quality of three wheat varieties  
Total Arabinoxylans (%) 
Effect Type III SS df MS F p ɳ2 
Cultivar Hypothesis 118.987 2 59.493 36.693 <0.001* 0.812 
Error 27.564 17 1.621    
Location Hypothesis 10.922 12 0.910 0.561 0.844 0.284 
Error 27.564 17 1.621    
Cultivar x Location Hypothesis 27.564 17 1.621 4.514 <0.001* 0.706 
Error 11.495 32 0.359    
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Water Extractable Arabinoxylans (%) 
Effect Type III SS df MS F p ɳ2 
Cultivar Hypothesis 0.003 2 0.001 15.471 <0.001* 0.645 
Error 0.002 17 0.000    
Location Hypothesis 0.011 12 0.001 10.012 <0.001* 0.876 
Error 0.002 17 0.000    
Cultivar x Location Hypothesis 0.002 17 0.000 0.716 0.765 0.275 
Error 0.004 32 0.000    
 
Water Un-extractable Arabinoxylans (%) 
Effect Type III SS df MS F p ɳ2 
Cultivar Hypothesis 119.155 2 59.578 36.665 <0.001* 0.812 
Error 27.624 17 1.625    
Location Hypothesis 11.152 12 0.929 0.572 0.836 0.288 
Error 27.624 17 1.625    
Cultivar x Location Hypothesis 27.624 17 1.625 4.436 <0.001* 0.702 
Error 11.723 32 0.366    
Note * Significant at α = 0.05 
 
The main effects were confounded by significant cultivar x location interactions at α = 0.05 
in two grain quality measures: T-AX (F = 4.514, p < 0.001, ɳ2 = 0.706) and WU-AX (F = 
4.436, p < 0.001, ɳ2 = 0.702). No cultivar x location interactions were found with respect to 
WE-AX (Figure 6.3). The interactions between the cultivars and the locations are depicted 
visually in the Forest plots and interaction plots (Figures 6.4 to 6.9). Mean T-AX tended to be 
higher in EGA Gregory than in Janz and Peake, but this pattern was different in two 
locations. At Condobolin and Come by Chance, the mean T-AX were higher in Janz than in 
Gregory (Figures 6.4 and 6.5). The preharvest rain at Condobolin (Chapter 5, section 5.1) 
might have been a factor in changing the pattern. Due to this interaction effect it is concluded 
that the percentage T-AX content in each cultivar depended upon the cultivar, reflecting a 
genotype x environment interaction (Table 6.2 and Figure 6.4-6.9).  
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Figure 6.3: Variance contributions of G, E and G x E on total AX, WU-AX and WE-
AX. Absolute eta (ɳ2) were calculated from Table 6.2 to obtain the percentages of the 
variance. 
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Figure 6.4: Forest plot of mean total arabinoxylans (%) ± 95% CI with respect to 
cultivar and location 
Cultivar Location
Peake
Janz
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Wagga
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Coolah
Condobolin
Come by chance
Bullarah
Bellata
Beckom
Wagga
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Bullarah
Bellata
Beckom
181614121086420
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5.55
 
 
Figure 6.5: Interaction plot of mean total arabinoxylans (%) with respect to cultivar 
and location 
 
  
  
123 
 
Mean WE-AX was consistently higher in EGA Gregory and Peake than in Janz (Figures 6.6 
and 6.7). 
Figure 6.6: Forest plot of mean water extractable arabinoxylan (%) ± 95% CI with 
respect to cultivar and location 
 
Figure 6.7: Interaction plot of mean water extractable arabinoxylans (%) with respect 
to cultivar and location 
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Mean WU-AX arabinoxylans tended be higher in EGA Gregory and Janz than in Peake at all 
locations apart from at Condobolin and Come by Chance, whereas WU-AX were higher in 
Janz (Figures 6.8 and 6.9). 
Figure 6.8: Forest plot of mean water un-extractable arabinoxylans (%) ± 95% CI with 
respect to cultivar and location 
 
Figure 6.9: Interaction plot of mean water un-extractable arabinoxylans (%) with 
respect to cultivar and location 
 
 
Cultivar Location
Peake
Janz
EGA Gregory
Wagga
Spring Ridge
Merriwagga
Lockhart
Coolah
Condobolin
Canowindra
Beckom
Wagga
Spring Ridge
Merriwagga
Lockhart
Goonumbla
Coolah
Condobolin
Come by chance
Bullarah
Bellata
Beckom
Wagga
Spring Ridge
Merriwagga
Lockhart
Goonumbla
Coonamble
Coolah
Condobolin
Come by chance
Canowindra
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5.43
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6.2.1.3 Correlations between environmental factors and grain quality measures 
A matrix of Pearson's correlation coefficients (Table 6.3) revealed significant correlations 
between the environmental factors and the grain quality measures at α = 0.05. The most 
highly significant correlations (Pearson's r exceeding ± 0.406 at α = 0.001) were as follows: 
WE- AX with average seasonal rainfall and total and average rainfall before and after 
flowering. Scatterplots displaying the relationships between the environmental factors and the 
grain quality measure that was highly significant at α = 0.001 partitioned with respect to the 
three cultivars illustrate the patterns of genotype-environment interaction (Figures 6.10 to 
6.14). The linear trend lines, one for each cultivar, drawn through the points using linear 
regression analysis, were not consistently parallel (parallel lines indicate no interaction). This 
indicated that the grain quality measures in EGA Gregory, Janz, and Peake, may have 
responded differently to the environmental factors, reflecting genotype x environment 
interactions. These interactions were quantified by comparing the slopes and intercepts of the 
linear trend lines fitted to the scatterplots by regression analysis (Table 6.4).  
Table 6.3: Pearson's correlation coefficients between grain traits and environmental 
factors 
 
Environmental factor  
Total AX 
(%) 
WE-AX 
(%) 
WU-AX 
(%) 
Average temperature before flowering (
o
C) 0.268
*
 -0.313
*
 0.271
*
 
Average temperature after flowering (
o
C) -0.037 0.029 -0.037 
Average seasonal Temperature (
o
C) 0.151 -0.183 0.153 
Temperature (days at 5-10 
o
C) -0.192 0.193 -0.193 
Temperature (days at 0-5 
o
C) -0.012 -0.027 -0.011 
Temperature days at < 0 
o
C 0.041 -0.136 0.042 
Total rainfall before flowering (mm) -0.267
*
 0.550
***
 -0.272
*
 
Total rainfall after flowering (mm) -0.308
*
 0.450
***
 -0.312
*
 
Total seasonal rainfall (mm) -0.311
*
 0.516
***
 -0.315
*
 
Average rainfall before flowering (mm) -0.197 0.483
***
 -0.201 
Average rainfall after flowering (mm) -0.295
*
 0.472
***
 -0.299
*
 
Solar exposure before flowering  0.178 -0.028 0.178 
Solar exposure after flowering  -0.309
*
 0.404
**
 -0.312
*
 
Average seasonal solar exposure -0.189 0.363
**
 -0.192 
Note: * Significant correlation at * α = 0.05; ** α = 0.01; *** α = 0.001. 
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Figure 6.10 illustrates the effect of higher total rainfall before flowering, which was 
correlated with an increase in WE-AX in EGA Gregory, Janz, and Peake.  
Figure 6.10: Regression of water extractable arabinoxylans vs. total rainfall before 
flowering stratified by cultivar 
   
 
 
Figure 6.11 illustrates the effect of higher total rainfall after flowering, which was correlated 
with an increase in WE-AX in EGA Gregory, Janz, and Peake. 
Figure 6.11: Regression of water extractable arabinoxylans on total rainfall after 
flowering stratified by cultivar  
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Figure 6.12 illustrates the effect of higher total seasonal rainfall, which was correlated with 
an increase in WE-AX in EGA Gregory, Janz, and Peake. 
Figure 6.12: Regression of water extractable arabinoxylans vs. total seasonal rainfall 
stratified by cultivar 
 
 
Figure 6.13 illustrates the effect of higher average rainfall before flowering, which was 
correlated with an increase in WE-AX in EGA Gregory, Janz, and Peake. 
Figure 6.13: Regression of water extractable arabinoxylans vs. average seasonal rainfall 
stratified by cultivar 
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Figure 6.14 illustrates the effect of higher average rainfall after flowering, which was 
correlated with an increase in WE-AX in EGA Gregory, Janz, and Peake. 
Figure 6.14: Regression of water extractable arabinoxylans vs. average rainfall after 
flowering stratified by cultivar 
 
 
 
Table 6.4: Genotype x environment interactions indicated by linear regression of WE-
AX with respect to environmental factors in three genotypes 
Environmental 
factor 
EGA Gregory Janz Peake R
2
 % 
β0 β1 β0 β1 β0 β1 
T s rainfall (mm) 0.097* 0.550* 0.090* 0.540* 0.087* 0.561* 23.3 
Avg rainfall bf 
(mm) 
0.096* 0.476* 0.093* 0.374 0.078* 0.674* 
23.3 
Avg rainfall af (mm) 0.099* 0.532* 0.091* 0.538* 0.097 0.476* 22.3 
T-rainfall bf (mm) 0.095* 0.580* 0.092* 0.445* 0.076* 0.681* 30.3 
T-rainfall af (mm) 0.103* 0.483* 0.092* 0.549* 0.101* 0.427* 20.3 
       
Note: This table contains only the grain quality measure and environmental factors that were 
correlated with Pearson's r ≥ 0.406 (effect size R2 ≥ 16.5%). * Regression coefficient 
significantly different from zero at α = .05. Abbreviations: T s rainfall, total seasonal rainfall 
(mm); Avg rainfall bf, average rainfall before flowering (mm); Avg rainfall af, average 
rainfall after flowering (mm); T-rainfall bf, total rainfall before flowering (mm), T-rainfall af, 
total rainfall after flowering (mm). 
Higher amounts of total seasonal rainfall and average rainfall after flowering correlated 
significantly with an increase in WE-AX in all three cultivars. The increase of WE-AX in 
Peake (β1 = 0.67) and EGA Gregory (β1 = 0.48) correlated significantly with the higher 
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amounts of average rainfall before flowering and the increase of WE-AX less in Peake (β1 = 
0.43) than in EGA Gregory (β1 = 0.48) and Janz (β1 = 0.55) correlated significantly with the 
higher amounts of total rainfall after flowering. 
6.2.2 Effect of WE-AX addition to starch functionality 
In this study WE-AX were isolated from Kukri, QAL2000, and QA-WX-83 whole meal 
wheat flour. The pasting and thermal properties of Kukri, QAL2000, and QA-WX-83 wheat 
starches with and without the addition of WE-AX were determined using RVA and DSC, 
respectively. Differential Scanning Calorimetry (DSC), as described in Chapter 2, section 
2.2.5.5 was used to measure five thermal properties: onset, peak, conclusion, and range of 
gelatinization temperature (
°
C) and enthalpy (∆H) (J/g) in N = 18 samples (n = 2 duplicates 
per sample) of three varieties of wheat starch (Kukri, QAL 2000, and QA-WX-83) with and 
without the additions of 4% and 6% WE-AX. Seven pasting property measures: peak 
viscosity (cP); time to peak viscosity (min); trough viscosity (cP); breakdown viscosity (cP); 
setback viscosity; final viscosity (cP) and pasting temperature (
°
C) were also measured in 
corresponding samples of the three varieties using the Rapid Visco Analyser (RVA) as 
described in Chapter 2, section 2.2.5.6.  orrelation analysis (Pearson’s r) was conducted to 
evaluate the bivariate relationships between the five measures of thermal properties and the 
seven measures of pasting properties with respect to the three cultivars. 
6.2.2.1 Pasting and thermal properties of three starch varieties 
Table 6.5 shows the pasting and thermal properties of the three starch varieties tested. The 
pasting profile shows that peak times were 3 min for QA-WX-83 and QAL2000 and 7 min 
for Kukri (Table 6.5). Starch from QA-WX-83 and QAL2000 had higher PV, BD and FV 
values than those of Kukri starch, but had lower setback viscosities (SB), time to peak and 
pasting temperatures (PT) than kukri starch. The thermal profile has shown that QA-WX-83 
starch had higher onset, peak and conclusion temperatures than the two non-waxy starches, 
but had lower ∆H (Table 6.5). 
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Table 6.5: Thermal and pasting properties of Kukri, QAL2000, and QA-WX-83 with and without the addition of WE-AX 
 
Cultivar 
C
o
n
d
it
io
n
  Thermal (DSC) properties  Pasting (RVA) properties 
To 
 (°C) 
Tp   
(°C) 
Tc  
(°C) 
Tc –T0 
(°C)  
∆H 
 (J/g) 
Peak 
Viscosity 
(cP) 
Trough 
Viscosity 
(cP) 
Breakdown 
Viscosity 
(cP) 
Final  
Viscosity 
(cP) 
Setback 
Viscosity 
(cP) 
Time to Peak 
Viscosity 
(min) 
Pasting 
Temperature 
(
o
C) 
Kukri 
(Hard  
Starch) 
1 57.64 62.76 70.21 12.58 11.13 1692 1356 300 1696 489 7 90 
2 60.36 65.03 72.31 11.95 11.01 1452 996 459 1250 254 6 89 
3 63.25 67.12 74.37 11.12 7.77 1344 859 509 1068 209 6 76 
QAL2000 
(Soft 
Starch) 
1  57.59 62.99 70.31 12.72 10.24 1863 1190 673 1976 786 3 77 
2 57.77 63.15 69.31 11.54 7.73 495 225 189 500 275 5 99 
3 64.14 68.95 76.43 12.29 6.29 277 223 51 276 66 5 95 
QA-WX-83 
(Waxy  
Starch) 
1 60.49 66.13 76.38 15.89 10.04 4017 1754 2263 1976 222 3 65 
2 60.32 66.10 73.32 13.00 7.70 1707 759 922 871 102 3 67 
3 59.23 65.11 70.70 11.47 6.27 1758 759 999 869 110 3 66 
Condition: 1 = Control (without WE-AX); 2 = with 0.4% WE-AX; 3 = with 0.6% WE-AX 
Gelatinization Temperature: To = Onset; Tp = Peak; Tc = Conclusion; Tc-T0 = Range.  
The decimal values of the pasting (RVA) properties were rounded up as they were very small compared to the values.  
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In general, the addition of WE-AX decreased PV, TV, FV and SB of Kukri, QAL 2000 and 
QA-WX-83 starches, however, the decrease of PV, TV, FV and SB of QAL2000 was 
substantial. Also the addition of WE-AX caused the time to reach peak viscosity and the 
pasting temperature of QAL2000 to increase markedly (Table 6.5). 
The thermal profile showed that addition of WE-AX increased To, Tp and Tc of Kukri and 
QAL 2000 but had an inverse effect on QA-WX-83, while Tc – To and the ∆H of the three 
varieties were decreased by the addition of WE-AX (Table 6.5).  
Table 6.6: Correlations between thermal and pasting properties in three varieties of 
wheat starch 
Pasting Properties Thermal Properties 
T0 
(°C) 
Tp 
(°C) 
Tc 
(°C) 
Tc –T0 
(°C) 
∆H (J/g) 
Peak Viscosity (cP) -0.22 -0.20 0.17 0.72* 0.64* 
Time to Peak Viscosity (min) -0.08 -0.28 -0.32 -0.48* 0.43 
Trough Viscosity (cP) -0.36 -0.38 -0.08 0.46* 0.69* 
Breakdown Viscosity (cP) -0.00 0.06 0.43 0.85* 0.40 
Setback Viscosity (cP) -0.46* -0.51* -0.36 0.13 0.61* 
Final Viscosity (cP) -0.39 -0.42 -0.15 0.38 0.68* 
Pasting Temperature (
o
C) 0.12 -0.05 -0.17 -0.53* 0.02 
* Significant correlation at α = 0.05. Gelatinization Temperature: T0 = Onset; Tp = Peak; Tc 
= Conclusion; Tc-T0 = Range. 
 
The matrix of Pearson’s r coefficients (Table 6.6) indicated multiple correlations at α = 
0.05 between the pasting and thermal properties of the three starch varieties. T0 and Tp 
were negatively correlated with setback viscosity, implying that high onset and peak 
gelatinization temperatures were associated with low setback viscosities. The range in 
gelatinization temperature was positively correlated with PV, TV, and BD, but negatively 
correlated with time to peak viscosity and PT. This implied that a wide range in 
gelatinization temperatures was associated with high peak, trough, and breakdown 
viscosities, but with a short time to peak viscosity and a low pasting temperature. ∆H was 
positively correlated with PV, TV, SB, and FV, implying that ∆H increased in proportion 
to increases in viscosity. 
 
  
  
132 
 
6.3 Statistical methods  
Total arabinoxylans (total AX), WU-AX and WE-AX were normally distributed, indicated 
by p > 0.05 for the K-S statistics (Table 6.7). 
Table 6.7: Test for normality for total AX, WU-AX and WE-AX in three cultivars 
Grain quality measure N M SD K-S p 
Total AX (%) 64 5.55 1.77 1.06 0.214 
WU-AX (%) 64 5.43 1.77 1.05 0.219 
WE-AX (%) 64 0.12 0.02 1.40 0.059 
 
No outliers were identified by z scores outside the normal limits of ± 3.3 (Table 6.8). 
Table 6.8: Test for skewness and outliers in grain quality measures 
Grain quality measure Skewness Min 
z score 
Max 
z score 
Total AX (%) -0.53 -2.0 1.7 
WU-AX (%) -0.54 -2.1 1.7 
WE-AX (%) 1.26 -1.5 2.9 
 
All the ANOVA residuals had a mean of zero and were normally distributed, indicated by 
p > 0.05 for the K-S statistics (Table 6.9). 
Table 6.9: Test for normality of unstandardized ANOVA residuals of total AX, WU-
AX and WE-AX measures between cultivars and locations 
Grain quality measure N M SD K-S p 
 Total AX 64 0.00 0.43 0.766 0.600 
 WU-AX (%) 64 0.00 0.43 0.747 0.632 
 WE-AX (%) 64 0.00 0.01 1.276 0.077 
 
  
  
133 
 
The variances in total AX, WU-AX and WE-AX measures were equal across the cultivars 
and locations indicated by p > 0.05 for Bartlett's test (Table 6.10). 
Table 6.10: Bartlett's test for equality of variance of total AX, WU-AX and WE-AX 
measures across cultivars and locations (B) 
Grain quality measure B p 
Total AX (%) 16.20 0.987 
WU-AX (%) 15.94 0.988 
WE-AX (%) 12.84 0.969 
 
The pasting property measures were normally distributed (Chapter 5, Table 5.1). The 
thermal property measures were also normally distributed, indicated by p > 0.05 for the K-
S statistics (Table 6.11).  
 
Table 6.11: Test for normality of thermal property measures 
Thermal property K-S p 
Onset Temperature (
o
C) 0.737 0.649 
Conclusion Temperature (
o
C) 0.763 0.605 
Range (
o
C) 1.061 0.210 
Peak Temperature (
o
C) 0.753 0.622 
∆H (J/g) 0.858 0.454 
 
6.4 Discussion 
The studies described in this chapter have shown that the mean of total AX content in the 
selected whole meal samples varied between the genotypes and ranged from 2.9% to 6.6% 
(Table 6.1). The values of T-AX of Gregory and Janz varieties shown in (Table 6.1) are 
relatively common for wheat and they were markedly higher than Peake values compared 
to T- AX concentrations of 5.8-7.6% of grain, which were reported by Dornez et al. (2008) 
and T-AX concentrations of 4.4-6.9% of whole meal, which were documented by Gebruers 
et al. (2010b). Arabinoxylan levels were shown to vary among wheat genotypes and this 
was in agreement with Finnie et al. (2006) and Li et al. (2009). The average ratio of 
arabinose to xylose (A/X) was 0.6 for each of the three varieties, which might indicate 
similarities of the substitution pattern of the xylose backbone by arabinose residues of the 
three cultivars. The ratio of A/X indicates the degree of branching in AX but it does not 
reveal detailed structural features of these polymers (Izydorczyk & Biliaderis, 2007). 
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Carvajal-Millan et al. (2005) and Izydorczyk et al. (1991) reported that A/X ratio of 0.66 is 
a characteristic of endosperm arabinoxylans (0.53-0.7).  
In the present study ANOVA models indicated significant genotype effects for T-AX, 
WU-AX and WE-AX (Table 6.2). Genotype accounted for most of the variability of total 
AX and WU-AX (Figure 6.3). These findings are consistent with the findings of Li et al. 
(2008), who reported that genetic differences occur among wheat genotypes for 
arabinoxylans fractions and consistent with the findings of Kiszonas (2013), who reported 
that T-AX content was heavily influenced by genetics, whereas WE-AX content was 
influenced by genetics and environment and also consistent with Gebruers et al. (2010b), 
who reported that the genotype determined about 50% or higher of the variation observed 
in total AX and in WE-AX. However, our finding was in contrast with Dornez et al. (2008) 
who reported a low impact of genotype on T-AX level. Dornez et al. (2008) indicated that 
genotype accounted for 18% of the variance in total AX level while harvest year had no 
influence at all. The interaction between genotype and harvest year accounted for 35% of 
the variance. However, a large portion of variation (46%) could not be explained by their 
random effect model.  
Growth location, on the other hand, strongly influenced WE-AX. This was in line with the 
results of Li et al. (2009) who attributed most of the variability of the WE-AX level to the 
variation of environmental factors. T-AX and WU-AX had similar and moderate 
correlations with growing conditions (α = 0.05) (average temperature before flowering, 
total rainfall before and after flowering and solar exposure after flowering) while WE-AX 
had an inverse and stronger correlations (α = 0.01; α = 0.001) with the growing conditions 
compared to T-AX and WU-AX. Average temperature before flowering was positively 
correlated with total AX and WU-AX but negatively correlation with WE-AX. Rainfall 
before and after flowering had a negative influence on T-AX and WU-AX but a positive 
influence on WE-AX. Solar exposure after flowering had negative correlation with T-AX 
and WU-AX but positive correlation with WE-AX. These results may indicate that 
arabinoxylans fractions respond differently to growing conditions. The finding that T-AX 
and WU-AX correlated negatively with rainfall is in agreement with Coles et al (1997) 
who reported that drought growing conditions induce an increase in arabinoxylans content 
and since we had no drought, there was a negative correlation. In contrast, Li et al. (2009) 
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noted the lowest T-AX levels for the dry locations and the highest levels for the higher 
rainfall environments, whereas Dornez et al., (2008) measured comparable T-AX levels in 
wheat samples, which were grown in different seasons and had strongly different amounts 
of rainfall. Gebruers et al. (2010b) reported that wheat samples grown on different sites in 
Europe in 2007 showed on average significant differences in T-AX levels. The climate 
conditions were extremely different between Hungary (warm and dry) and the United 
Kingdom (cold and wet) yet the wheat samples from both sites, in particular, samples from 
Hungary, had high T-AX content. Also wheat samples grown in France and Poland had on 
average low but comparable T-AX content even though the wheat growing site in France 
had more rainfall than the Polish site. Therefore, one may conclude that the effect of the 
environment on AX content is not a straightforward relationship and that other factors may 
influence AX content such as soil type and soil nutrients. 
Arabinoxylans fractions (WE-AX and WU-AX) differed in their solubility and in their 
variability to environmental factors. These differences might be related to their different 
molecular weights, the incomplete cross-linking of WE-AX with other components and to 
the loose binding of WE-AX to the cell wall surface (Lam et al. 1992; Iiyama et al. 1994; 
Courtin and Delcour, 2002; Saulnier et al. 2007). 
Pearson’s correlation coefficients (r) were calculated among the quality traits investigated 
in this study and the following correlations were found: T-AX and WU-AX were 
correlated significantly positively with fructans, test weight and total phenolics but 
significantly negatively with grain protein. This indicates that, among the grain samples 
tested, higher grain protein content was related to lower T-AX.  
The effect of WE-AX addition was more pronounced in QAL2000 (Table 6.5) and this 
might be an indication of the influence of lipid-binding puroindolines, which are 
characteristic of soft wheat varieties (Wang et al. 2013). Tester and Morrison (1993) 
indicated that amylopectin in wheat starches contributes to water absorption, swelling and 
pasting of starch granules, whereas amylose and lipids actively inhibit these processes.  
The decrease in the ∆H of Kukri, QAL2000, and QA-WX-83 starches after the addition of 
WE-AX could be a result of WE-AX competing for water and preventing the uptake of 
water by starch granules, leading to a low water activity system. This finding is in 
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agreement with Orlowska and Randzio (2010) who indicated that the lowest ∆H value was 
obtained for low water-wheat starch suspension and as the water content increased the ∆H 
was also increased. WE-AX have high water-binding capacity, as retention of 4-6 times 
their weight in water has been reported (Courtin and Delcour 2002) and the effect of WE-
AX in this study was evident in its competition with starch granules for water.  
6.5 Conclusion 
The results of this study demonstrated the impact of genotype, the environment and their 
interactions on T-AX, WU-AX and WE-AX. This study and previous studies clearly 
indicate that genetic differences exist among wheat genotypes for arabinoxylans fractions. 
There were significant genotypic effects on T-AX and WU-AX while significant 
environmental effects were noted for WE-AX. As mentioned earlier in chapter 4, the 
variance result for arabinoxylans may merit special attention by wheat breeders as it 
indicates that this trait is relatively agreeable to genetic manipulation.  
In general, the addition of WE-AX decreased the PV, TV, BD, FV and SB viscosity and 
increased the onset and peak temperatures but decreased the ∆H of all three starch 
varieties. 
The next chapter will assess the influence of genotype, environment and their interactions 
on phenolic acids, in which ferulic acid, a derivative of trans-cinnamic acid and a 
component of lignin, is largely concentrated in the cereal cell wall, where it is esterfied to 
arabinose component of arabinoxylans. 
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Chapter 7 Phenolic acids 
 
7.1 Introduction 
Epidemiological studies have indicated that a diet rich in whole grains can reduce the 
incidence of chronic diseases such as cardiovascular disease, type 2 diabetes and colon 
cancer (Temple, 2000; Lu et al., 2000; Jacobes et al., 2001). Wheat (Triticum aestivum L.) 
is one of the important cereal grains in the human diet and the health benefits of whole 
grains have been attributed to several grain components, including phenolics and 
arabinoxylans. Some of these chronic diseases are thought to be initiated or exacerbated by 
cellular and molecular damage caused by reactive oxygen species and free radicals. 
Phenolics, which are abundant compounds found in the outer bran layer of whole grain 
(Moore et al., 2006), are strong antioxidants and may alleviate oxidative stress by 
quenching or neutralizing reactive species (Andreasen et al., 2001; Zhou & Yu, 2004). 
Robbins (2003) reported that phenolic acids, which are a sub-group of phenolics, have 
gained attention due to their antioxidant, anti-inflammatory, antimutagenic, 
anticarcinogenic properties and their ability to modulate some of the key enzymatic 
functions in cells. Structurally, phenolic acids can be subdivided into acids derived from 
benzoic acid (consisting of 7 – carbon basic skeleton C6-C1) and cinnamic acid (consisting 
of 9 – carbon basic skeleton C6-C3) (Kim et al., 2006). Phenolic acids represent the most 
common form of phenolic compounds found in whole grains, with a number of types that 
exist in three forms: as soluble free acids, soluble conjugates, which are esterified to sugars 
and other low molecular mass components, and insoluble bound forms (Piironen et al., 
2008). These forms are subsequently referred to as soluble, conjugated and bound 
phenolics. Generally, bound phenolics are the major fraction in wheat grains and they are 
involved in cross linking polymers, particularly arabinoxylans in the grain cell walls 
(Liyana-Pathirana & Shahidi, 2006; Saulnier et al., 2007). The free, soluble conjugated and 
the bound phenolic acids seem to be associated with health benefits (Adom et al., 
2002).The predominant components of phenolic acids in winter and spring wheats are 
ferulic, vanillic, syringic acids and sinapic acids (Li et al., 2008).  
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The content of phenolics has been measured using different methods. Researchers such as 
Liyana-Pathirana and Shahidi (2006) used methanol-acetone-water multiple times and then 
extracted free phenolics with diethyl ether whereas Kim et al., (2006) used 80% methanol 
to extract phenolics from defatted bran. The sample extract used is then treated with acid or 
base to break ester bonds attaching ferulic acid to sugars. Liyana-Pathirana and Shahidi 
(2006) used 4 Molar NaOH while Adom and Liu (2005) and Kim et al., (2006) used 2 
Molar NaOH for different lengths of time, followed by neutralization or acidification with 
HCl. Acidic and alkaline hydrolysis are used to cleave the ester bond in separation and 
characterization of specific phenolic compounds. Insoluble bound phenolics in grains are 
freed using similar alkaline and acid hydrolysis except this time the extractions are done on 
the previously extracted material. The aim is to break ester bonds between ferulic acid and 
sugar structures and ether bonds between ferulic acid and lignin to free phenolics for 
extraction. Therefore, the content of phenolic acids may differ between studies due to the 
different extraction methods used.  
Recent studies have shown that genotypic and environmental effects influence phenolic 
acids content of wheat grain (Moore et al., 2005, Fernandez-Orozco et al., 2010; Mpofu et 
al., 2006). Moore et al. (2005) indicate that the environment has more influence on hard 
winter wheat bran phenolics than genotype, while Fernandez-Orozco et al. (2010) indicate 
that certain genotypes are more resistant to environmental impacts than others. Their 
finding also indicate that the free and conjugated phenolic acids are the most variable and 
are also susceptible to the effect of the environment compared to the bound phenolic acids, 
which are the most stable. Mpofu et al. (2006) studied the effects of genotype and growing 
environment on phenolic contents of alcohol-soluble extracts from commercial wheat 
cultivars.Their finding indicate that total phenolics are influenced greatly by the 
environment. 
This chapter describes studies carried out to evaluate the relative contributions of genotype 
(G), environment (E) and their interactions (G x E) on variability of soluble, conjugated, 
bound and total phenolic acids and to determine the distribution profile of phenolic acids. 
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7.2 Results  
The data are presented in two sets – the first from the growing season 2010, where 
Gregory, Janz and Peake grain samples were grown in 13, 11 and eight locations (Chapter 
3), and the second from two seasons (2010 and 2012), which had Janz and Peake grain 
samples grown in seven common locations (section 7.2.2, Table 7.5). The first data set was 
large compared to the second data set as many sites were not planted in 2012. For 
statistical validity, common sites were chosen for grains grown in 2010 and 2012. Three 
different wheat grain varieties from multiple sites were available for testing in 2010. 
Ideally the same tests would have been carried out on the same varieties and sites for 2012 
for statistical significance. However, only two varieties from seven sites were available in 
2012, and hence the results are presented in two sets.  
The results are presented systematically in four sections. The first section provides 
descriptive statistics for the phenolics content of wheat whole meal flour of the three 
cultivars EGA Gregory, Janz, and Peake, which were grown in multiple locations in 2010. 
The characteristics of the sites are described in Chapter Three. The mean ± 95% 
confidence intervals of phenolic content across the cultivars and locations are illustrated 
using error bar charts. The second section provides the correlations between the 
concentrations of phenolics and other grain quality measures (protein, starch, fructans, β-
glucan, FSP, T-AX, WE-AX, WU-AX and test weight).      
The third section presents the results of multi-factorial (two-way) ANOVA to evaluate the 
main effects of two factors (the cultivar and the location) on the four dependent variables 
(free, conjugated, bound and total phenolics) and to identify the interaction effects (cultivar 
x location) reflecting genotype x environment interactions). The fourth section presents the 
results of correlation and regression analysis to evaluate the relationships between the 
phenolics content of the three cultivars and environmental factors.  
The two season data set has an extra section that presents the distribution profiles of seven 
phenolic acids (4-hydroxybenzoic acid, p-coumaric acid, vanillic acid, caffeic acid, ferulic 
acid, syringic acid, and sinapic acid) measured in Janz in 2010 and 2012.  
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7.2.1 Contributions of G, E and G x E on variability of phenolic acids in grains 
from one season 
7.2.1.1 Descriptive statistics 
The descriptive statistics (means and standard deviations) for the measurements of the 
phenolics are provided in Table 7.1. The patterns in the mean phenolic content ± 95% 
confidence intervals are illustrated using error bar charts in Figures 7.1, 7.2, and 7.3. The 
amounts of free and bound phenolics tended to be consistently higher than conjugated 
phenolics in EGA Gregory. In contrast, free phenolics tended to be consistently lower than 
bound and conjugated phenolics in Janz and Peake.  
Table 7.1: Descriptive statistics for phenolics (μg/g) in three whole meal wheat flour 
cultivars from 13 locations  
  
Location 
  
Phenolics 
EGA Gregory Janz Peake 
M SD M SD M SD 
Beckom Bound 442 51 1139 12 598 1 
Conjugated 574 11 746 12 414 2 
Free 734 23 96 1 243 1 
Total 1751 59 1982 13 1257 2 
Bellata Bound 454 18 806 1     
Conjugated 491 19 657 2     
Free 873 62 70 1     
Total 1819 97 1534 3     
Bullarah Bound 436 24 1167 10     
Conjugated 752 10 668 11     
Free 882 47 119 1     
Total 2072 18 1954 16     
Canowindra Bound 520 28     563 0 
Conjugated 394 41     482 1 
Free 755 33     281 1 
Total 1670 79     1328 0 
Come by Chance Bound 448 16 889 2     
Conjugated 627 17 760 2     
Free 874 63 125 2     
Total 1950 85 1776 5     
Condobolin Bound 550 51 1006 3 532 1 
Conjugated 596 8 771 1 567 1 
Free 833 105 12 2 311 0 
Total 1980 149 1790 2 1410 2 
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Coolah Bound 559 51 739 2 663 2 
Conjugated 624 27 572 7 486 1 
Free 938 51 174 2 325 1 
Total 2122 74 1486 10 1474 2 
Coonamble Bound 386 48         
Conjugated 974 26         
Free 848 32         
Total 2210 47         
Goonumbla Bound 466 48 1070 2     
Conjugated 652 13 304 11     
Free 676 5 145 1     
Total 1795 46 1520 11     
  
  
142 
 
Table 7.1: Continued 
        
Lockhart Bound 530 39 878 9 791 10 
Conjugated 668 14 598 2 689 1 
Free 693 31 104 1 244 1 
Total 1892 54 1580 10 1724 13 
Merriwagga Bound 467 45 807 1 1298 2 
Conjugated 663 23 674 3 449 1 
Free 628 10 127 4 346 0 
Total 1759 59 1608 0 2095 2 
Spring Ridge Bound 445 15 856 1 1176 1. 
Conjugated 857 16 260 1 449 1 
Free 686 54 128 10 335 1 
Total 1989 85 1245 8 1961 1 
Wagga Wagga Bound 445 38 718 3 637 7 
Conjugated 508 60 521 1 466 1 
Free 944 20 102 1 281 0 
Total 1898 104 1342 2 1384 7 
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Figure 7.1: Phenolics in Gregory whole meal flour (mean ± 95% CI) at 13 locations (locations codes are in Chapter two, section 
2.3.1). 
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Figure 7.2: Phenolics in Janz whole meal flour (mean ± 95% CI) at 11 locations (locations codes are in Chapter two, section 2.3.1). 
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Figure 7.3: Phenolics in Peake whole meal flour (mean ± 95% CI) at 8 locations (locations codes are in Chapter two, section 2.3.1). 
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The correlations (Pearson's r coefficients) between the groups of phenolics and other grain 
quality measures are presented in Table 7.2. Significant positive correlations (r = 0.458 to 
0.668, p < 0.05) were found between (a) free phenolics, fructans, T-AX, and WU-AX; (b) 
conjugated phenolics, T-AX and WU-AX; and (c) total phenolics, fructans, T-AX, and WU-
AX. Significant negative correlations (r = - 0.505 to - 0.508, p < 0.05) were found between 
bound phenolics, T-AX, and WU-AX, and between total phenolics and protein (r = -0.354, p 
< 0.05). There were no significant correlations between phenolics and starch, β-glucan, FSP, 
or WE-AX. 
Table 7.2: Correlations between phenolics and other grain quality measures 
 
 Free 
Phenolics 
(μg/g) 
Conjugated 
Phenolics 
(μg/g) 
Bound 
Phenolics 
(μg/g) 
Total  
Phenolics 
(μg/g) 
Conjugated Phenolics 
(μg/g) 
0.179    
Bound Phenolics (μg/g) -0.731* -0.200   
Total Phenolics (μg/g) 0.580* 0.585* -0.016  
Protein (%) -0.254 -0.223 0.074 -0.354* 
Starch (%) -0.009 -0.025 -0.030 -0.054 
Fructan (%) 0.513* 0.298 -0.330 0.458* 
β-Glucan (%) -0.203 -0.035 0.122 -0.143 
FSP (g/g) -0.173 0.050 0.138 -0.044 
Total AX (%) 0.668* 0.464* -0.508* 0.563* 
WE –AX (%) 0.254 -0.186 -0.220 -0.016 
WU-AX (%) 0.664* 0.466* -0.505* 0.563* 
Note: * Significant at α = 0.05 
 
The results of four multifactorial (two-way) ANOVA assuming random and crossed effects 
of cultivar and location for each group of phenolics are presented in Table 7.3. The growing 
sites and cultivars were selected randomly from a larger pool and all the effects were crossed 
and not hierarchical because different cultivars were not nested uniquely within each 
location. The following Multifactorial ANOVA determined the relative contribution of 
cultivar, location and their interactions on phenolics content variability of Gregory, Janz and 
Peake whole meal flour wheat varieties, grown at different locations in the 2010 season. 
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Table 7.3: Multifactorial ANOVA for 2010 phenolics samples 
 
Bound Phenolics 
Source  Type III SS df MS F p η2 
Cultivar Hypothesis 3296800 2 1648400 14.118 <0. 001* 0.624 
Error 1984927 17 116760    
Location Hypothesis 647885 12 53990 .462 0.911 0.246 
Error 1984927 17 116760    
Cultivar X Location Hypothesis 1984927 17 116760 181.921 <0.001* 0.980 
Error 41076 64 641    
 
Conjugated Phenolics 
Source  Type III SS df MS F p η2 
Cultivar Hypothesis 157774 2 78887 1.272 0.306 0.130 
Error 1054242 17 62014    
Location Hypothesis 844471 12 70373 1.135 0.396 0.445 
Error 1054242 17 62014    
Cultivar X Location Hypothesis 1054242 17 62014 208.746 < 0.001* 0.982 
Error 19013 64 297       
 
Free Phenolics 
Source Type III SS df MS F p η2 
Cultivar Hypothesis 8426526 2 4213263 229.455 <0.001* 0.964 
Error 312155 17 18362    
Location Hypothesis 183392 12 15283 .832 0.620 0.370 
Error 312155 17 18362    
Cultivar X Location Hypothesis 312155 17 18362 18.827 <0.001* 0.833 
Error 62418 64 975    
   
Total Phenolics 
Source Type III SS df MS F p η2 
Cultivar Hypothesis 1809580 2 904790 5.154 0.018* 0.377 
Error 2984288 17 175546    
Location Hypothesis 1604282 12 133690 .762 0.680 0.350 
Error 2984288 17 175546    
Cultivar X Location Hypothesis 2984288 17 175546 65.809 <0.001* 0.946 
Error 170720 64 2667    
Note * Significant at α = 0.05 
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Figure 7.4: Proportions of variance attributed to cultivar, location and their 
interactions for Gregory, Janz and Peake whole meal flour varieties in 2010 season 
(data from Table 7.5)  
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 ultivar had a significant effect at α = 0.05 with moderate to large effects (η2) with respect to 
bound phenolics (F = 14.118, p <0.001, η2 = 0.624), free phenolics (F = 229.444, p < 0.001, 
η2 = 0.964), and total phenolics (F = 5.154, p = 0.018; η2 = 0.377). There was no significant 
effect on conjugated phenolics (F = 1.272, p = 0.306; η2 = 0.130). Location had no significant 
effect at α = 0.05 on phenolics. However, location x cultivar interactions had a highly 
significant effect at α = 0.05 with very high effect sizes with respect to bound phenolics (F = 
181.921, p < 0.001, η2 = 0.980); conjugated phenolics (F = 208.746, p < 0.001, η2 = 0.982); 
free phenolics (F = 18.827, p < 0.001, η2 = 0.833) and total phenolics (F = 65.809, p < 0.001, 
η2 = 0.946).  
The interaction plots (Figures 7.5, 7.6, 7.7, and 7.8) illustrate the characteristics of the 
location x cultivar interactions. Bound phenolics tended to be higher in Peake than in EGA 
Gregory and Janz at Merriwagga, Spring Ridge, and Canowindra, but lower in Peake than in 
Janz at Lockhart, Coolah, Wagga, and Condobolin (Figure 7.5). Conjugated phenolics tended 
to be higher in Janz than in EGA Gregory and Peake at Condobolin, Beckom, and Wagga, 
but lower in Janz at Lockhart, Goonumbla, and Spring Ridge (Figure 7.6). Free phenolics 
tended to be consistently lower in Janz than in EGA Gregory and Peake (Figure 7.7). Total 
phenolics tended to be highest in EGA Gregory and lowest in Janz at all sites except 
Merriwagga and Condobolin (Figure 7.8).  
The following interaction plots (Figure 7.5 to Figure 7.8) illustrated that conjugated, bound 
and total phenolics content might be high or low in certain cultivar/s but the pattern was not 
consistent across all the locations except for free phenolics. This reflected the interactions 
effects, which were detailed in Table 7.3. 
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Figure 7.5: Interaction plots (Location x Cultivar) for bound phenolics 
 
 
 
Figure 7.6: Interaction plots (Location x Cultivar) for conjugated phenolics  
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Figure 7.7: Interaction plot (Location x Cultivar) for free phenolics 
 
 
 
 
Figure 7.8: Interaction plot (Location x Cultivar) for total phenolics 
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The correlations between the phenolics content and environmental factors in the 3 cultivars 
across all the locations are presented in Table 7.4. The most highly significant positive 
correlations were between average temperature before flowering with conjugated phenolics (r 
= 0.38, p < 0.01) and total phenolics (r = 0.39). Significant correlations, but with small effect 
sizes (R
2 
< 15%) were found between (a) conjugated phenolics with rainfall, and solar 
exposure after flowering, and (b) between total phenolics with rainfall and solar exposure 
before and after flowering. No significant correlations were found between environmental 
factors with bound and free phenolics.  
Table 7.4: Pearson's correlation coefficients between phenolics content in three wheat 
cultivars and environmental factors at 13 locations 
 
Environmental factor  Phenolics (μg/g) 
Bound Conjugated Free Total 
Average temperature before flowering (
°
C) -0.02 0.38** 0.16 0.39** 
Average temperature after flowering (
°
C) -0.01 0.23 0.06 0.19 
Average seasonal temperature (
°
C) -0.02 0.36** 0.13 0.34* 
Minimum temperature (days at 5-10 
°
C) 0.02 -0.17 -0.11 -0.20 
Minimum temperature (days at 0-5 
°
C) 0.05 0.08 -0.04 0.05 
Minimum temperature days at < 0 
°
C -0.01 0.09 -0.09 -0.18 
Total rainfall before flowering (mm) -0.03 -0.34** -0.06 -0.29* 
Total rainfall after flowering (mm) 0.04 -0.29* -0.12 -0.27* 
Average seasonal rainfall (mm) 0.01 -0.32* -0.11 -0.30* 
Average rainfall before flowering (mm) -0.01 -0.30* -0.03 -0.22 
Average rainfall after flowering (mm) 0.03 -0.31* -0.13 -0.29* 
Solar exposure before flowering (MJ/m
2
/d) 0.02 0.20 0.13 0.28* 
Solar exposure after flowering (MJ/m
2
/d) -0.10 -0.25* -0.08 -0.33* 
Average seasonal solar exposure (MJ/m
2
/d) -0.09 -0.12 0.00 -0.15 
Note: ** Significant at α = 0.01; * Significant at α = 0.05.  
  
 
The result of linear regression analysis of total phenolics vs. average temperature before 
flowering is presented in Figure 7.9. The result of linear regression analysis of conjugated 
phenolics vs. average temperature before flowering is presented in Figure 7.10. 
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Figure 7.9: Regression of total phenolics vs. average temperature before flowering 
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Cultivar β0 (Intercept) Standardized β1 
(Slope) 
R
2
 p 
EGA Gregory 1286.0* 0.411* 16.9% 0.009* 
Janz 755.6* 0.431* 18.5% 0.012* 
Peake 508.0* 0.378 10.4% 0.069 
 
Note: * Significant at α = 0.05 
 
 
The total phenolics content increased significantly with respect to temperature before 
flowering in the grains of EGA Gregory and Janz with moderate effect sizes (R
2 
= 16.9% and 
18.5% respectively). The similarity of the relationship between total phenolics and 
temperature in these two cultivars was indicated by the similarity between the regression 
slopes for EGA Gregory (β1 = 0.411, p = 0.009) and Janz (β1 = 0.431, p = 0.012). No 
significant relationship was found between temperature and total phenolic content in Peake. 
The slope (β1 = 0.378, p = 0.069) was not significantly different from zero at α = 0.05.  
 154 
 
Figure 7.10: Regression of conjugated phenolics vs. average temperature before 
flowering  
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Cultivar β0  
(Intercept) 
Standardized β1 
(Slope) 
R
2
 p 
EGA Gregory 211.1 0.317* 14.0% 0.049* 
Janz -24.9 0.418* 17.5% 0.015* 
Peake 775.4* -0.175 3.1% 0.412 
 
Note: * Significant at α = 0.05 
 
The conjugated phenolics content increased significantly with respect to temperature before 
flowering in the grains of EGA Gregory and Janz with moderate effect sizes (R
2
 = 14.0% and 
17.5% respectively). The similarity of the relationship between total phenolics and 
temperature in these two cultivars was indicated by the similarity in the regression slopes for 
EGA Gregory (β1 = 0.317, p = 0.049) and Janz (β1 = 0.418, p = 0.015). No significant 
relationship was found between temperature and conjugated phenolic content in Peake. The 
slope (β1 = -0.175, p = 0.412) was not significantly different from zero at α = 0.05.  
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7.2.2 Contributions of G, E and G x E on variability of phenolic acids in grains 
from two seasons 
7.2.2.1 Descriptive statistics 
Descriptive statistics for the phenolics contents are provided in Table 7.5. The patterns in the 
mean phenolic concentrations are illustrated using bar charts in Figure 7.11 Figure 7.12.  
 
Table 7.5: Descriptive statistics for phenolics (μg/g) in EGA Gregory at 7 locations in 
2010 and 2012 
  
Location 
  
Phenolics 
EGA Gregory 
2010 
EGA Gregory 
2012 
Janz 
2010 
Janz 
2012 
M SD M SD M SD M SD 
Beckom Bound 442 51 598 3 1139 12 704 1 
Conjugated 574 11 356 0 746 12 189 1 
Free 734 23 1084 5 97 1 881 1 
Total 1751 59 2039 2 1982 13 1774  
Bullarah Bound 436. 23 605 3 1167 10 575 1 
Conjugated 752 9 495 0 668 11 271 1 
Free 882 46 1077 3 119 1 849 1 
Total 2072 17 2178 2 1954 16 1696 2 
Coolah Bound 559 51 588 3 739 2 341 1 
Conjugated 624 27 411 0 572 7 225 1 
Free 938 51 988 3 174 1 1123 1 
Total 2122 74 1989 0 1486 10 1691 2 
Goonumbla Bound 466 48 690 3 1070 1 570 1 
Conjugated 652 13 469 0 304 10 306 1 
Free 676 5 1023 3 145 1 929 3 
Total 1795 46 2183 5 1520 11 1807 2 
Lockhart Bound 530 39 696 2 878 9 700 1 
Conjugated 668 13 454 0 598 2 205 1 
Free 693 31 919 4 104 1 1313 1 
Total 1892 54 2070 2 1580 10 2219 1 
Spring 
Ridge 
Bound 445 15 698 4 856 1 656 1 
Conjugated 857 16 484 0 260 1 196 1 
Free 686 54 1028 3 128 10 1158 1 
Total 1989 85 2211 2 1245 9 2011 1 
Wagga 
Wagga 
Bound 445 38 588 3 718 2 493 1 
Conjugated 508 60 43 0 521 1 248 0 
Free 944 20 987 5 102 1 1123 1 
Total 1898 104 2014 6 1342 2 1865 1 
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Figure 7.11: Phenolic concentration in Gregory (mean ± 95% CI) at seven locations in 
2010-12 
 
Figure 7.12: Phenolic concentration in Janz (mean ± 95% CI) at seven locations in 2010-
12 
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Figure 7.13: Phenolic acid content of Gregory and Janz varieties in 2010 and 2012 
 
 
 
In 2010, the mean free phenolic concentrations tended to be consistently higher than bound 
and conjugated phenolics in EGA Gregory (except for Spring Ridge). However, in Janz, the 
mean free phenolic concentrations were consistently lower than bound and conjugated 
phenolics. This pattern changed in 2012. The mean free phenolic concentrations were 
consistently higher than the mean bound and conjugated phenolics in both EGA Gregory and 
Janz at all locations. The variability in the precision of the measurements varied with respect 
to time, indicated by the standard deviations being consistently lower in 2012 than in 2010. 
Bartlett's tests (Table 7.6) demonstrated that the variances of the measurements varied 
significantly (p < 0.001) between the two years and across the seven locations. 
Table 7.6: Results of Bartlett's tests for homogeneity of variance 
Phenolics Bartlett's test 
statistic 
p 
Bound 146.32 <0.001* 
Conjugated 193.58 <0.001* 
Free 165.58 <0.001* 
Total 160.95 <0.001* 
* Significant at α = 0.01 
  
Gregory
2010
Gregory
2012
Janz 2010 Janz 2012
Bound
Conjugated
Free
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The implications are that the results of ANOVA presented below may be compromised by 
violation of the assumption of homogeneity of variance. To compensate for this problem, the 
level of significance to test the F statistic was reduced from the conventional α = 0.05 level to 
α = 0.01.  
7.2.2.2 Multifactorial ANOVA for 2010 and 2012 phenolics 
Multifactorial ANOVA was carried out to determine the relative contribution of cultivar, 
location and their interactions on phenolics content variability of Gregory and Janz whole 
meal flour wheat varieties grown at different locations in the 2010 and 2012 seasons. The 
results of ANOVA (one for each form of phenolics) are presented in Table 7.7. Year had a 
highly significant effect (p < 0.001) with large effects sizes (η2 = 0.944 to 0.999) implying 
substantial differences between the mean bound, conjugated, free, and total phenolics 
contents of the samples collected in 2010 and 2012. The effects of year were confounded by 
significant (p < 0.001) year x cultivar interactions, with smaller effect sizes (η2 = 0.663 to 
0.991) implying that the mean phenolics contents of EGA Gregory and Janz did not behave in 
the same way with respect to year. Location also had significant effects (p < 0.001) but these 
were confounded by strong cultivar x location interactions, reflected by the highly significant 
cultivar x location terms (p < 0.001) with high effect sizes (η2 = 0.942 to 0.984). 
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Table 7.7: Multifactorial ANOVA for 2010 and 2012 phenolics samples 
Bound Phenolics 
 
Source Type III SS df MS F p η2 
Year 206774 1 2066744 467.78 <0.001*  0.944 
Cultivar 850103 1 850103 2081.80 <0.001* 0.987 
Year X Cultivar 1441224 1 1441224 3260.42 <0.001* 0.991 
Location 342381 6 57063 139.74 <0.001* 0.968 
Cultivar X Location 397980 6 663330 162.43 <0.001* 0.972 
Error 11433 28     
 
Conjugated Phenolics 
Source Type III SS df MS F p η2 
Year 135491 1 135491 6645.20 <0.001* 0.996 
Cultivar 633859 1 633859 3083.70 <0.001* 0.991 
Year X Cultivar 26824 1 26824 131.55 <0.001* 0.825 
Location 114765 6 19127 93.05 <0.001* 0.952 
Cultivar X Location 362311 6 60385 293.77 <0.001* 0.984 
Error 5755 28     
 
Free Phenolics 
 
Source Type III SS df MS F p η2 
Year 6962700 1 6962700 20163.64 <0.001* 0.999 
Cultivar 2088873 1 2088873 5638.54 <0.001* 0.995 
Year X Cultivar 2632013 1 2632013 7622.17 <0.001* 0.996 
Location 129476 6 21579 58.25 <0.001* 0.926 
Cultivar X Location 307869 6 51311 138.51 <0.001* 0.967 
Error 10373 28     
 
Total Phenolics 
 
Source Type III SS df MS F p η2 
Year 1040317 1 1040317 861.72 <0.001* 0.969 
Cultivar 1740909 1 1740909 1439.82 <0.001* 0.981 
Year X Cultivar 66593 1 66593 55.16 <0.001* 0.663 
Location 343788 6 572988 47.38 <0.001* 0.910 
Cultivar X Location 564361 6 564361 77.79 <0.001* 0.943 
Error 33855 28     
* Significant at α = 0.01. 
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Figure 7.14: Proportions of variance attributed to G, E and season for Gregory and Janz in 2010 & 2012 seasons 
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The influence of the cultivar x location interactions on the phenolics contents, indicated by 
the relative magnitudes of the effect sizes, were more than the effects of year for bound 
phenolics, but less than the effects of year for conjugated phenolics, free phenolics and total 
phenolics. In general, cultivar, location and season factors all made significant contributions 
to variability of phenolic acids.  
7.2.2.3 Correlations between phenolics of Gregory and Janz whole meal flour 
varieties and environmental factors 
The correlations between the phenolics (bound, conjugated, free, and total) in EGA Gregory 
and Janz and the environmental factors at seven locations in 2010 and 2012 are presented in 
Table 7.8. Figures 7.15 to 7.18 present scatterplots with linear trend lines to compare the 
effects of rainfall, temperature, and solar exposure on the phenolic contents of the two 
cultivars.  
Table 7.8: Correlation coefficients between phenolics content in Gregory and Janz with 
12 environmental factors at seven locations in 2010 and 2012 
 
Environmental factor  Phenolics (μg/g) in EGA Gregory 
Bound Conjugated Free Total 
Average temperature before flowering (
°
C) 0.30 0.34 0.56** 0.62** 
Average temperature after flowering (
°
C) 0.47** -0.35 0.71** 0.70** 
Average seasonal temperature (
°
C) 0.40** -0.27 0.66** 0.68** 
Minimum temperature (days at 5-10 
°
C) -0.57** 0.30 -0.62** -0.73** 
Total rainfall before flowering (mm) -0.45** 0.52** -0.55** -0.36* 
Total rainfall after flowering (mm) -0.65** 0.72** -0.76** -0.53** 
Total seasonal rainfall (mm) -0.62** 0.69** -0.73** -0.50** 
Average rainfall before flowering (mm) 0.80** -0.72** 0.70** 0.55** 
Average rainfall after flowering (mm) 0.81** -0.68** 0.58** 0.48** 
Solar exposure before flowering (MJ/m
2
/d) 0.80** -0.75** 0.79** 0.63** 
Solar exposure after flowering (MJ/m
2
/d) 0.81** -0.76** 0.69** 0.52** 
Average seasonal solar exposure (MJ/m
2
/d) 0.30 -0.30 0.52** 0.44* 
* Significant at α = 0.05; ** Significant at α = 0.01.  
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Environmental factor  Phenolics (μg/g) in Janz 
Bound Conjugated Free Total 
Average temperature before flowering (
°
C) -0.23 -0.24 0.39* 0.33* 
Average temperature after flowering (
°
C) -0.48** -0.29 0.55** 0.37* 
Average seasonal temperature (
°
C) -0.37* -0.27 0.49** 0.36* 
Minimum temperature (days at 5-10 
°
C) 0.48* 0.51** -0.65** -0.42** 
Total rainfall before flowering (mm) 0.14 0.16 -0.52** -0.71** 
Total rainfall after flowering (mm) 0.46** 0.51** -0.81** -0.70** 
Total seasonal rainfall (mm) 0.39* 0.43** -0.76** -0.73** 
Average rainfall before flowering (mm) -0.80** -0.73** 0.93** 0.46** 
Average rainfall after flowering (mm) -0.60** -0.73** 0.89** 0.57** 
Solar exposure before flowering (MJ/m
2
/d) -0.73** -0.75** 0.92** 0.49** 
Solar exposure after flowering (MJ/m
2
/d) -0.75** -0.74** 0.98** 0.58** 
Average seasonal solar exposure (MJ/m
2
/d) -0.63** -0.37* 0.47** 0.04 
* Significant at α = 0.05; ** Significant at α = 0.01.  
 
Figure 7.15: Effects of rainfall, temperature, and solar exposure on bound phenolics in 
EGA Gregory and Janz  
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Figure 7.16: Effects of rainfall, temperature, and solar exposure on conjugated 
phenolics in EGA Gregory and Janz   
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Figure 7.17: Effects of rainfall, temperature, and solar exposure on free phenolics in 
EGA Gregory and Janz   
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Figure 7.18: Effects of rainfall, temperature, and solar exposure on total phenolics in 
EGA Gregory and Janz   
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The correlation analysis indicated many significant correlations between the phenolics 
contents of EGA Gregory and Janz and the environmental factors tested. The wide ranges in 
the magnitudes and sign (positive or negative) of the correlation coefficients, and the trends 
reflected by the scatterplots, indicated that rainfall, temperature, and solar exposure had 
differential effects on the phenolics contents in EGA Gregory and Janz, consistent with the 
existence of genotype x environment interactions (as previously indicated by the significant 
interaction terms in the measures ANOVA, and the patterns in the interaction plots).  
For example, bound phenolics in EGA Gregory tended to decrease with respect to higher 
rainfall and lower temperatures, but to increase with respect to solar exposure and higher 
temperatures. In contrast, the bound phenolics in Janz exhibited the opposite pattern, 
increasing with respect to higher rainfall and low temperatures, and decreasing with respect 
to solar exposure and increasing temperature (Figure 7.15). 
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Conjugated phenolics in both EGA Gregory and Janz tended to increase with respect to 
higher rainfall and lower temperatures, but to decrease with respect to solar exposure and 
higher temperatures (Figure 7.16). 
Free phenolics in both EGA Gregory and Janz tended to decrease with respect to higher 
rainfall and lower temperatures, but to increase with respect to solar exposure and higher 
temperatures. This effect was stronger in Janz than in EGA Gregory (Figure 7.17). 
Total phenolics were consistently higher in EGA Gregory than in Janz. In both cultivars, the 
total phenolics decreased with respect to higher rainfall and lower temperatures, and 
increased with respect to solar exposure and higher temperatures (Figure 7.18). 
7.2.2.4 Distribution profiles of phenolic acids in Janz 
The interaction plots (mean concentrations of phenolic acids in bound, conjugated, or free 
forms measured in 2010 and 2012 vs. seven locations) indicated no clear genotype x 
environment interactions. The conjugated, bound, and free forms of 4-hydroxybenzoic acid 
(Figure 7.19) vanillic acid (Figure 7.20) syringic acid (Figure 7.21) and sinapic acid (Figure 
7.22) all followed a similar trend with respect to location. The concentrations were highest in 
the conjugated form, less in the bound form, and least in the free form at all seven locations. 
The conjugated, bound, and free forms of p-coumaric acid (Figure 7.23) caffeic acid (Figure 
7.24) and ferulic acid (Figure 7.25) followed a consistently different trend to the other four 
phenolic acids with respect to location. The concentrations were highest in the bound form, 
less in the conjugated form, and least in the free form at all seven locations.  
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Figure 7.19: Interaction plot for 4-hydroxybenzoic acid 
 
Figure 7.20: Interaction plot for Vanillic acid 
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Figure 7.21: Interaction plot for Syringic Acid 
 
Figure 7.22: Interaction plot for Sinapic Acid 
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Figure 7.23: Interaction plot for p-Coumaric acid 
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Figure 7.24: Interaction plot for Caffeic acid 
 
 
 
Figure 7.25: Interaction plot for Ferulic acid 
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7.3 Statistical methods 
7.3.1 One season data set 
The sampling design matrix is shown in Chapter 2, section 2.3.1. Normality was checked 
using Kolmogorov-Smirnov (K-S) and skewness statistics. Normality was indicated if p > 
0.05 for the K-S statistic. The Z scores were within the expected normal limits of ± 3.0 
indicating no outliers (Table 7.9). Outliers were identified by z-scores outside the expected 
normal limits of ± 3.0. The measurements of the phenolics did not deviate from normality, 
indicated by p > 0.05 for the K-S statistics (Table 7.9); consequently parametric statistics 
were justified. Equality of variance was checked using Levene's test. The variances of the 
measures of Phenolics across the cultivars and locations were homogeneous as indicated by p 
> 0.01 for Levene's test (Table 7.10), and hence consequently ANOVA was justified. A p > 
0.05 means that the variability in the measurements is not significantly different and this is a 
good thing. 
Table 7.9: Test for normality, skewness, and outliers of phenolics in 3 wheat cultivars at 
13 locations 
 
Phenolics Skewness 
Minimum 
Z score 
Maximum 
Z score 
Normality 
K-S p 
Bound 0.29 -1.21 2.28 0.97 0.58 
Conjugated 0.11 -2.15 2.49 0.42 0.99 
Free 0.35 -1.32 1.58 1.15 0.14 
Total -0.20 -1.75 1.77 0.58 0.89 
 
Table 7.10: Levene's test for equality of variance of phenolics in 3 wheat cultivars at 13 
locations 
 
Phenolics F p 
Bound 1.14 0.32 
Conjugated 0.88 0.65 
Free 1.78 0.03 
Total 1.71 0.04 
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7.3.2 Two seasons data set 
The sampling design matrix is shown in Chapter 2, section 2.3.1. Normality was checked 
using Kolmogorov-Smirnov (K-S) and skewness statistics. The measurements did not deviate 
strongly from normality, indicated by p > 0.01 for the K-S statistics. The Z scores were 
within the expected normal limits of ± 3.0 indicating no outliers (Table 7.11); consequently 
parametric statistics were justified.  
Table 7.11: Test for normality, skewness, and outliers for four forms of phenolics in two 
wheat cultivars at seven locations (combined data for 2010 and 2012) 
Phenolics Skewness 
Minimum 
Z score 
Maximum 
Z score 
Normality 
K-S p 
Bound 0.123 -1.53 2.52 1.519 0.020 
Conjugated 0.159 -1.48 2.17 1.073 0.199 
Free -0.729 -1.67 1.46 1.621 0.030 
Total -0.734 -2.47 1.36 1.198 0.113 
 
7.4 Discussion   
The results of the studies in this chapter indicated that phenolic acids are very variable 
compounds. The content of conjugated, bound and total phenolics in 2010 whole meal flour 
varied from high or low (Table 7.1, Figures 7.1-7.3) but the pattern was not consistent across 
all the locations except for free phenolics (Figures 7.5-7.8). This reflected the interactions 
effects of cultivar and location which had a highly significant effect at α = 0.05 on bound, 
conjugated, free and total phenolics and which were detailed in Table 7.3.  
The contents of free, conjugated, bound and total phenolic acids in 2010 and 2012 whole 
meal flour from the same cultivar (Gregory and Janz) were different between locations and 
seasons (Table 7.5, Figure 7.11-7.13). The cultivar x location interactions contributed 
significantly to the variability of bound phenolics, which represent the bulk of total phenolics 
(88.50 % of total phenolic is bound, Appendix 12). However, in general, cultivar, location 
and season factors all made significant contributions to variability of phenolic acids (Table 
7.7, Figure 7.14). The contributions of cultivar, location, season and the interactions between 
these factors to variance in free, conjugated, bound and total phenolic acids were highly 
significant (p<<0.001). All these factors made significant contributions to variability of 
phenolic acids.  
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In 2012 season Peake cultivar was not planted. Therefore, only EGA Gregory and Janz were 
used. In 2010, the mean free phenolic concentrations tended to be consistently higher than 
bound and conjugated phenolics in Gregory but lower in Janz. This pattern changed in 2012 
for Janz cultivar. The mean free phenolic concentrations were consistently higher than the 
mean bound and conjugated phenolics in both Gregory and Janz at all locations, this might 
indicate the stability of Gregory cultivar. This might be due to the influence of the cultivar 
and the interaction of the cultivar and location. Data collected in 2010 and 2012 seasons 
demonstrated that total phenolic acids of Gregory cultivar were higher than total phenolic 
acids in Janz cultivar (Figures 7.11, 7.12 and 7.13). Total phenolics content for EGA 
Gregory, Janz and Peake reported in this study (total phenolics content > 1000 µg/g of dm for 
2010 samples) are similar to the total phenolics content values for four varieties (Disponent, 
Amadeus, Herzog and Campari) of whole meal wheat flour reported by Li et al. 2008.  
Growth environment had significant influence on phenolic acids. A highly significant 
positive correlation was found between and total phenolics and average temperature and solar 
exposure before flowering (Table 7.4, Figures 7.9 and Table 7.8, Figure 7.18 for one season 
data set and two seasons data set, respectively). Significant correlation was also found 
between total phenolics and solar exposure before and after flowering (Table 7.4 and Table 
7.8, Figure 7.18). Phenolics accumulate during early stages of development (Solovchenko 
and Merzlyak 2009; Rivero et al. 2003). Rivero et al. (2003) indicated that phenolic 
compounds accumulate as an apparent defense mechanism against temperature stress. Wheat 
plants exposed to an increase in temperature would produce more UV/light screening 
chemicals (secondary metabolites such as phenolics) to protect the plant/seed from the 
damaging effects of the heat (Solovchenko and Merzlyak, 2009). This might explain the 
results of this study that showed the effects of the average temperature and solar exposure on 
phenolics before flowering. Phenolics have antioxidant properties and can protect against 
degenerative diseas such as cancer in which reactive oxygen species such as superoxide anion 
are involved (Capecka et al., 2005). Oxidants are formed naturally in the body as a normal 
product of aerobic metabolism. However an imbalance between oxidants and antioxidants in 
favour of the oxidants will lead to oxidative damage, which can lead to cell and tissue injury 
(Sies and Jones, 2007).  
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Significant correlation was also found between total phenolics and rainfall before and after 
flowering (Table 7.4 and Table 7.8, Figure 7.18). Fernandez-Orozco et al. 2010 reported that 
rainfall in the period before heading may be a more relevant factor influencing phenolic acid 
content than total precipitation. Yu et al. 2003 measured total phenolics in bran from cv. 
Akron, which was grown at five different locations, with and without irrigation. 
Measurements of solar radiation and the number of hours exceeding 32   were also made. 
Clear differences were observed between the irrigated and the non-irrigated samples, with the 
former having higher phenolic acid contents. However, the correlation with total solar 
radiation was not significant. Other authors such as Mpofu et al. 2006 did not find a clear link 
between the content of total phenolics and the environmental effects such as rainfall or 
temperature.  
The contribution of cultivar, environmental factors (season and growth conditions in 
locations) and their interactions to the variability of phenolics are shown in Figure 7.14. All 
factors made significant contributions to variability of phenolic acids. Variations related to 
location were slightly higher than that observed between growing seasons (year) for bound 
and conjugated phenolics (Figure 7.14) and this is in agreement with Fernandez-Orozco et al., 
2010. Fernandez-Orozco et al. (2010) investigated the variability of phenolic acids content 
and indicated that the contribution of the growing location to variability is greater than the 
growing season contribution and these environmental influences were stronger than the 
cultivar influences, especially for the free and conjugated phenolic acid fractions. Bound 
phenolic acids, which represent the largest amount of total phenolic acids, were more 
influenced by cultivar and less influenced by environment. In the present study, free, 
conjugated and total phenolic acids showed high variation from year to year (Figure 7.14). 
Fernandez-Orozco et al., (2010), reported a similar finding for the free phenolic acids and for 
the lines with high levels of conjugated phenolic acids. The content of free phenolic acids 
showed less variation due to the environment than the bound, the conjugated and the total. 
Variations due to genotypic effects were larger than environmental effects across all the 
phenolic acids. Fernandez-Orozco et al., 2010 reported the opposite for free and conjugated 
phenolic acids but reported the same finding for the bound.  
Benzoic acid derivatives (C6-C1) and cinnamic acid derivatives (C6-C3) followed different 
trends (Figures 7.19 – 7.25) and this is in line with Li et al. 2008 except for the conjugated 
and the bound form of caffeic acid (C6-C3), which were not quantified by Li et al. 2008. The 
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most abundant phenolic acids across all fractions were ferulic and sinapic acids. The relative 
amounts of phenolic acids varied depending on the fraction being studied. The amounts of 
many individual free phenolic acids were very low, with vanillic, syringic and ferulic acids 
being the most abundant components, which could be measured. The most abundant 
conjugated phenolic acids were ferulic and sinapic acids with sinapic acid being the most 
abundant. Ferulic acid was the most abundant component in the bound fraction. This is in 
agreement with Fernandez-Orozco et al. (2010) and Verma et al. (2009) in the varieties 
related in their study. 
In this study, positive correlation was found between total arabinoxylans and total phenolic 
acids (Table 7.2) and this is expected as phenolics are present in the molecular structure of 
arabinoxylans. However, Fernandez-Orozco et al., 2010 did not observe a strong correlation 
between arabinoxylans and phenolics. 
7.5 Conclusion 
This chapter shows that cultivar x location interactions contributed significantly to the 
variability of phenolics and this was consistent for 2010 and 2012 samples. However, in 
general, genotype, environment and season factors, all made significant contributions to 
variability of phenolic acids of Gregory and Janz samples. These contributions to the 
variability of phenolic acids might be related to PAL, which was mentioned in Chapter 1, 
section 1.10.2. PAL plays an important role in the formation of several phenolic compounds 
and it has many copies of genes that are expressed only in specific tissues or only under 
certain conditions. Environment contributes to the variability of PAL and therefore, if PAL 
content increases the content of phenolic compounds might increase too. 
The relative amounts of the individual phenolic acids, which were measured for each 
phenolic acid fraction, varied depending on the fraction being tested. Ferulic and sinapic 
acids were the most abundant phenolic acids across all the fractions tested. Gregory cultivar 
had the highest amount of total phenolics in 2010 and 2012 seasons and its pattern did not 
change over the two seasons. This might suggest that this cultivar (Gregory) with high and 
stable contents of phenolic acids could be selected for cultivation and for use in plant 
breeding. Whole meal wheat flour is a good source of phenolics and could be considered as 
source of natural antioxidants.  
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Chapter 8 General Conclusion 
 
In the present study, whole meal samples of three Australian wheat varieties grown in 
different locations across the state of NSW in Australia were assessed for the relative 
contribution of genotype (cultivar), environment (growing location and season) and their 
interactions to variability of quality parameters. Genotype, environment and their interactions 
were found to significantly influence the quality parameters of wheat whole meal flour of the 
samples and sites selected for this study. 
The studies described in Chapter 4 have shown that genotypes varied in quality depending on 
the trait. Gregory had the highest content of T-AX and total phenolics and the lowest grain 
protein content among the three genotypes. Janz had the highest content of total starch and 
Peake had the highest content of grain protein but it had the lowest content of starch, T-AX, 
fructans, total phenolics and test weight.  
Genotype contributed substantially to variation in T-AX and fructans. Kiszonas (2013) also 
reported that T-AX content is heavily influenced by genetics. Environment contributed 
substantially to variation in total starch, grain protein, β-glucan and test weight. The large 
differences in grain protein content between some of the growing locations (for all varieties 
tested) indicated that growing conditions were the main factors driving grain protein content. 
Grain protein content is known to be highly influenced by the environment and management 
(Li et al., 2009). The inverse relationships between grain protein and starch and between 
grain protein and test weight are well known (Park et al., 2009). The results of this study 
show that growth conditions which correlated with starch and test weight also correlated 
inversely with grain protein. Genotype by environment interactions contributed substantially 
to variation in total phenolics and this was consistent for 2010 and 2012 samples. The 
proportions of variance attributed to G x E, for Gregory and Janz in 2010 & 2012 seasons, 
was 21.1%. 
Soil characteristics and climatic conditions are important factors in determining wheat grain 
variability. However, soil factors were not tested in this study because soil characteristics and 
fertilizer regimes used were not available for all the locations. In this study weather 
conditions (temperatures, rainfall and solar exposure) before flowering and after flowering 
influenced quality parameters. Average temperatures contributed significantly to the 
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variations of fructans, T-AX, test weight, total phenolics and grain protein content. Clear 
days (zero okta) contributed significantly to the variations of total starch, fructans, T-AX, test 
weight, total phenolics and grain protein content. Cool temperatures before flowering (days 
with minimum of 5-10 °C) correlated negatively with total starch and test weight but 
positively with protein content. Temperature days with minimum of < 0 °C had a negative 
contribution on fructans. Rainfall contributed significantly to the variations of starch, 
fructans, T-AX, test weight, total phenolics and protein content.  
The positive contribution of average temperature and clear days (zero okta) before flowering 
to total phenolics could be related to the fact that phenolics accumulate during early stages of 
the plants to protect plants from excessive heat and radiation damage (Solovchenko and 
Merzlyak, 2009; Rivero et al., 2003) and the positive correlations of average temperature and 
clear days before flowering with starch content might be related to photosynthesis. It is well 
known that sunlight is the energy source for plants to photosynthesize and produce 
carbohydrates from CO2 and water. Carbohydrate products that are stored in the stems and 
other vegetative organs are important temporary sources to be translocated to the grains and 
contribute along with the current photosynthetic products to grain yield (Farooq et al., 2011). 
Therefore, the strong influence of the growing conditions on starch before flowering may 
relate directly to the accumulation of starch, which in turn influences grain filling. 
The negative contributions of clear days (zero okta) after flowering to starch are related to the 
fact that heat stress after flowering can have a direct impact on grain number and dry weight. 
Exposure of wheat grains to temperatures above 22 °C can significantly reduce grain yield. 
Heat stress lowers CO2 solubility, which leads to limited carboxylation and ultimately leads 
to a decline in photosynthesis. Translocation, grain filling duration and rate of filling are 
influenced directly by changes in ambient temperature and consequently this influences grain 
development. The extent of heat-driven damage to grain development is dependent on the 
level of heat stress. For example, 5 °C increases in temperatures above 20 °C increase the rate 
of filling but decrease the grain filling duration by 12 days in wheat grains (Farooq et al., 
2011). 
Of the wheat grain samples used in this study, only Merriwagga experienced two days of high 
temperatures (above 35 °C) (Chapter 3, Table 3.2). However, all samples experienced 
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extensive duration of clear days before flowering. Therefore, this explains the negative 
correlation between clear days (zero okta) after flowering and starch content.  
This study also showed that the content of arabinoxylans and fructans were negatively 
correlated with total rainfall. Coles et al. (1997) reported that drought conditions induce 
increase in arabinoxylans, while Livingston et al. (2009) reported that function of fructans is 
to protect plants from drought stress. Plants in this study did not experience drought stress so 
the negative correlations between the content of arabinoxylans and fructans and rainfall are 
consistent with the reports of Coles et al. (1997) and Livingstone et al. (2009). 
The relative magnitude of the environmental contribution to grain quality variance was 
dependent on the trait. For some traits the variance was as high as 92% for the environment, 
76% for the genotype and 47% for the interactions of genotype and the environment. The 
contributions of 92%, 76% and 47% were for grain protein, total arabinoxylans and total 
phenolics, respectively. This large difference in variance between environmental, genotypic 
and the interactions of genotype and the environment demonstrates the importance of their 
impacts on quality parameters.  
In Chapter 5, the RVA profiles were significantly different for the same cultivar grown in 
different locations in the same season. A similar trend in wheat and rice varieties grown in 
different environments was found by Anjum and Walker (2000) and by Dang and Copeland 
(2004), respectively. Anjum and Walker (2000) tested eight Pakistani wheat cultivars, which 
were grown at three locations in two crop years. Their finding indicated that the farinograms 
results differ significantly among cultivars. Arrival time, water absorption, and dough-
development time are significantly influenced by growth location. Dang and Copeland (2004) 
proposed that these differences in the RVA profiles may be attributed to differences in fine 
structure of amylose or amylopectin in the samples. Correlations found by statistical analysis 
showed that amylose content correlated negatively with PV, TV, BD and FV. Also, in 
general, starch granules with lower content of amylose content had higher pasting viscosities 
(PV, TV and FV). This is consistent with the pasting properties being influenced by 
genotype.  
In Chapter 6, T-AX levels were shown to vary among wheat genotypes and this was in 
agreement with Li et al. (2009) who indicated that that there was a range of 4.8-6.9% total 
arabinoxylans among 20 wheat cultivars grown at a single in France. However, the average 
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ratio of arabinose to xylose (A/X), which was 0.6 for each of the three varieties selected in 
this study, may indicate similarities of the substitution pattern of the xylose backbone by 
arabinose residues. ANOVA models indicated significant genotypic effects for T-AX, WU-
AX and WE-AX, supporting other findings that genetic differences occur among wheat 
genotypes for AX fractions. Genotype accounted for most of the variability of T-AX and 
WU-AX whereas growth location accounted for most of the variability of WE-AX. This was 
in agreement with Li et al., (2008) and Kiszonas (2013). 
T-AX and WU-AX had similar and moderate correlations with growing conditions (α = 0.05) 
(average temperature before flowering, total rainfall before and after flowering and clear days 
(zero okta) after flowering) while WE-AX had an inverse and stronger correlations (α = 0.01; 
α = 0.001) with the growing conditions. Rainfall before and after flowering had a negative 
contribution to T-AX and WU-AX. Plants in this study did not experience drought stress so 
the negative correlations between the content of T-AX and WU-AX and rainfall are 
consistent with the report of Coles et al. (1997). 
Arabinoxylans fractions (WE-AX and WU-AX) did not only differ in their response to 
environmental factors but they also differed in their solubility. These differences might be 
related to their different molecular weights, the incomplete cross-linking of WE-AX with 
other components and to the loose binding of WE-AX to the cell wall surface.  
Pearson correlation coefficients (r) were calculated among the quality traits investigated in 
this study and the following correlations were found: T-AX and WU-AX were correlated 
significantly positively with fructans, test weight and total phenolics but significantly 
negatively with grain protein. This indicates that, among the grain samples tested, higher 
grain protein content was related to lower T-AX.  
The addition of WE-AX altered RVA and DSC profiles. The addition of WE-AX to QA-WX-
83, Kukri and QAL2000 decreased the pasting properties (PV, TV, FV and SB) and the 
enthalpy but increased the onset and peak temperatures in all the three varieties of starches. 
The decrease in PV, TV, FV, SB and enthalpy could be a result of WE-AX competing for 
water and preventing the uptake of water by the granules of starch. The study described in 
chapter eight has shown that WE-AX have detrimental effects on the viscosity of different 
wheat starch varieties. As both arabinoxylans and starch are present in whole meal flour, this 
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could have an additive effect on processing and in turn on the quality and functionality of 
whole meal products. 
In Chapter 7, the contents of free, conjugated and bound phenolic acids differed among wheat 
varieties. The content of total phenolic acids were higher in 2012 season than 2010 season 
and Gregory had the highest content of total phenolics in both seasons. Gregory had the 
highest mean yield and the lowest degree of fluctuation (standard deviation) among the 
genotypes used in this study. Therefore, Gregory might be considered to be a stable genotype.  
Temperatures and clear days (zero okta) before flowering correlated positively with total 
phenolics and as mentioned in Chapter 4, this could be related to the fact that phenolics 
accumulate during early stages of the plant development to protect plants from excessive heat 
and radiation damage (Solovchenko and Merzlyak, 2009; Rivero et al., 2003). It would be 
interesting to see if phenolics are translocated from the stems and leaves of plants to the 
grain. Research in this area is lacking. 
Rainfall, temperature, and clear days (zero okta) had differential effects on the phenolics 
contents in Gregory and Janz varieties. The bound phenolics in Gregory tended to decrease 
with respect to higher rainfall and lower temperatures, but to increase with respect to clear 
days (zero okta) and higher temperatures. In contrast, the bound phenolics in Janz exhibited 
the opposite pattern. The conjugated phenolics in both Gregory and Janz tended to increase 
with respect to higher rainfall and lower temperatures, but to decrease with respect to clear 
days (zero okta) and higher temperatures. The free phenolics in both Gregory and Janz tended 
to decrease with respect to higher rainfall and lower temperatures, but to increase with 
respect to clear days (zero okta) and higher temperatures. And in both cultivars, the total 
phenolics decreased with respect to higher rainfall and lower temperatures, and increased 
with respect to clear days (zero okta) and higher temperatures.  
Genotype and all environmental factors tested, contributed significantly to the variability of 
phenolics and this might be the reason behind the well-known variability of these 
compounds. These contributions to the variability of phenolic acids might be related to PAL, 
which, as mentioned in Chapter 1(1.10.2), plays an important role in the formation of several 
classes of phenolic compounds. There are multiple copies of genes that encode PAL 
isoforms, and these are expressed differentially in specific tissues or only under certain 
conditions (Vogt, 2010). Environment contributes to the variability of PAL and therefore, if 
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PAL activity varies the content of phenolic compounds could vary too (Lee et al. 1995; Kull, 
2000; Heldt, 2005; Vogt, 2010). 
The distribution profiles of phenolic acids have shown that sinapic and ferulic acids were the 
major phenolic acids in conjugated form while ferulic acid was the predominant phenolic 
acid in bound form in all wheat varieties tested.  
The conjugated, bound, and free forms of 4-hydroxybenzoic acid, vanillic acid, syringic acid 
and sinapic acid all followed a similar trend with respect to location. The concentrations were 
highest in the conjugated form, less in the bound form, and least in the free form at all seven 
locations. On the other hand, the concentrations of the conjugated, bound, and free forms of 
p-coumaric acid, caffeic acid, and ferulic acid were highest in the bound form, less in the 
conjugated form, and least in the free form at all seven locations.  
A correlation coefficients matrix between all quality traits tested showed the following 
significant correlations: positive correlations between starch and β-glucan but a negative 
correlation between starch and grain protein. Positive correlations between fructans and T-
AX, test weight and total phenolics but a negative correlation between fructans and grain 
protein. Negative correlations between grain protein and β-glucan, T-AX, test weight, and 
total phenolics. Positive correlations between T-AX and test weight and total phenolics.  
These correlations were confirmed by Pearson’s correlation coefficients between the quality 
traits and the growth environmental factors. The impact of the environmental factors on the 
quality traits that had positive correlations was similar and the impact of the environmental 
factors on the quality traits that had negative correlations was dissimilar. This suggests that 
one may predict the impact of the environment on quality traits if correlations between 
quality traits are known. 
The results of this study provide strong evidence to support the hypothesis that genotype, 
environment and their interactions contribute to the variability of wheat grain quality 
parameters.  
Taking into consideration the findings of the present studies with other research in the 
literature, broader conclusions may be made. In summary, the conclusions drawn from the 
present studies, which relate to the set of varieties selected and the growing conditions that 
applied are presented as follows: 
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Summary conclusion: 
 The quality traits showed high level of variability among cultivars.  
 The impact of genotype, the environment and their interactions on wheat grain quality 
have been demonstrated.  
 Genotype was the major contributor to the variability of T-AX and fructans.  
 Environment was the most contributing factor to the variability of starch content, 
grain protein, β-glucan and test weight.  
 Genotype and all environmental factors studied were major contributors to the 
variability of phenolics. 
 WE-AX possibly competed for water with starch granules.  
 Both the timing (before and after flowering) and the duration of weather factors 
during crop development significantly influenced wheat quality. 
 It was concluded that if grain producers are going to satisfy consumer demands by 
delivering uniform grain with consistent quality to their customers, they must meet 
the challenge of managing the contributions of the growing environment and 
genotype to the variability of wheat quality. 
On the basis of these results and those of others such as Finlay et al. (2007), Fernandez-
Orozco et al. (2010) and Kiszonas (2013), modifying fructan and AX content is likely to be 
amendable to plant breeding efforts, whereas managing the variability of phenolics will 
present a greater challenge to grain producers.  
To further build on the results of this research, one of the goals would be to better predict 
grain quality from a set of environmental factors for a specific genotype. Knowing the 
relative contributions of genotype, environment and their interactions, simulation systems or 
models that allow for the input of a specific set of environmental factors and genotype could 
be used to better predict the contributions of genotype, environment and their interactions on 
grain quality. A positive outcome of such research will be of great benefit to the industry. It 
will allow farmers to select the most productive combination of wheat varieties given specific 
environmental conditions and ultimately it will provide a greater level of selection for end-
use quality, which would benefit end-users by increasing consistency and reducing 
variability. 
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APPENDICES 
Appendix 1: Data for fructans (%) and β-glucan (%) of whole meal wheat flour from 
three wheat varieties grown in multiple locations in NSW in 2010. 
Varieties Locations Fructans 
Relicate 1 
Fructans 
Relicate 2 
β-Glucan β-Glucan 
Gregory Goonumbla 1.1 1.1 0.4 0.3 
 Come by Chance 1.5 1.4 0.4 0.3 
 Canowindra 1.3 1.3 0.3 0.3 
 Wagga Wagga 1.2 1.1 0.3 0.3 
 Coolah 0.9 0.9 0.3 0.4 
 Bullarah 1.4 1.4 0.4 0.4 
 Bellata 1.1 1.1 0.4 0.3 
 Coonamble 1.5 1.6 0.4 0.4 
 Spring Ridge 1.1 1.1 0.3 0.2 
 Merriwagga 1.8 1.8 0.3 0.3 
 Condobolin 1.3 1.3 0.5 0.4 
 Lockhart 1.6 1.6 0.3 0.3 
 Beckom 1.4 1.4 0.3 0.3 
Janz Goonumbla 1.4 1.4 0.5 0.5 
 Come by Chance 1.0 1.0 0.5 0.4 
 Wagga Wagga 0.4 0.4 0.4 0.3 
 Coolah 0.8 0.9 0.5 0.4 
 Bullarah 1.3 1.2 0.4 0.4 
 Bellata 1.3 1.2 0.4 0.3 
 Spring Ridge 1.1 1.2 0.4 0.3 
 Merriwagga 1.3 1.2 0.4 0.4 
 Condobolin 1.2 1.1 0.3 0.3 
 Lockhart 0.7 0.6 0.3 0.4 
 Beckom 0.9 0.9 0.4 0.4 
Peake Canowindra 0.8 0.8 0.5 0.4 
 Wagga Wagga 0.4 0.4 0.3 0.3 
 Coolah 0.7 0.6 0.4 0.4 
 Spring Ridge 0.8 0.8 0.4 0.3 
 Merriwagga 0.9 0.9 0.4 0.4 
 Condobolin 0.6 0.6 0.5 0.4 
 Lockhart 1.0 1.0 0.5 0.4 
 Beckom 1.0 1.0 0.4 0.3 
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Appendix 2: Data for total starch (%), flour swelling power (g/g), starch swelling power (g/g), total amylose (T-AM) and RVA parameters of starch 
from three wheat varieties grown in multiple locations in NSW in 2010. 
Varieties Locations Starch FSP SSP T-AM PV TV BD FV SB PKT PT 
Gregory Goonumbla 71.3 9.2 10.7 33.0 129.0 88.0 41.0 103.0 15.0 5.1 95.2 
 Goonumbla 71.2 8.5 10.3 32.9 111.0 73.0 38.0 95.0 22.0 5.0 94.3 
 Come by Chance 70.6 11.4 10.1 N/A N/A N/A N/A N/A N/A N/A N/A 
 Come by Chance 71.6 10.4 11.1 N/A N/A N/A N/A N/A N/A N/A N/A 
 Canowindra 70.7 11.3 15.5 N/A N/A N/A N/A N/A N/A N/A N/A 
 Canowindra 72.0 11.3 15.4 N/A N/A N/A N/A N/A N/A N/A N/A 
 Wagga Wagga 68.3 10.6 12.1 25.6 398.0 313.0 85.0 418.0 105.0 6.1 95.0 
 Wagga Wagga 69.3 10.1 12.1 25.7 389.0 330.0 92.0 410.0 110.0 6.1 94.0 
 Coolah 71.8 9.9 12.4 N/A N/A N/A N/A N/A N/A N/A N/A 
 Coolah 71.0 9.8 13.1 N/A N/A N/A N/A N/A N/A N/A N/A 
 Bullarah 70.4 10.3 12.1 30.5 361.0 244.0 117.0 319.0 75.0 5.8 95.2 
 Bullarah 70.3 11.1 13.1 30.4 351.0 227.0 124.0 308.0 81.0 5.7 94.7 
 Bellata 69.0 11.0 12.7 25.5 345.0 259.0 86.0 351.0 92.0 6.0 95.3 
 Bellata 67.9 10.8 11.6 25.5 344.0 254.0 90.0 361.0 107.0 5.9 94.9 
 Coonamble 70.0 7.8 9.1 30.4 111.0 75.0 39.0 94.0 21.0 5.3 95.2 
 Coonamble 70.5 8.1 9.6 30.4 114.0 78.0 39.0 100.0 30.0 5.2 97.5 
 Spring Ridge 73.1 9.9 10.9 N/A N/A N/A N/A N/A N/A N/A N/A 
 Spring Ridge 70.5 9.7 11.7 N/A N/A N/A N/A N/A N/A N/A N/A 
 Merriwagga 64.5 9.7 10.8 24.2 191.0 82.0 109.0 144.0 62.0 5.3 95.2 
 Merriwagga 64.7 10.4 11.5 24.2 190.0 77.0 112.0 153.0 70.0 5.2 94.2 
 Condobolin 66.9 NA NA N/A N/A N/A N/A N/A N/A N/A N/A 
 Condobolin 67.3 NA NA N/A N/A N/A N/A N/A N/A N/A N/A 
 Lockhart 68.9 9.8 11.5 25.1 296.0 220.0 76.0 347.0 127.0 5.9 84.7 
 Lockhart 68.0 10.7 12.9 25.1 302.0 219.0 83.0 346.0 127.0 5.5 86.5 
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Appendix 2 (continued):  
Varieties Locations Starch FSP SSP T-AM PV TV BD FV SB PKT PT 
 Beckom 68.7 11.8 13.2 24.2 350.0 223.0 127.0 334.0 111.0 5.9 50.4 
 Beckom 67.6 11.8 13.0 24.2 353.0 226.0 127.0 347.0 121.0 5.9 92.0 
Janz Goonumbla 74.3 10.1 11.1 29.7 184.0 107.0 77.0 163.0 56.0 5.4 77.3 
 Goonumbla 74.3 11.3 12.7 29.7 169.0 113.0 56.0 168.0 55.0 5.5 94.5 
 Come by Chance 74.2 11.3 13.5 29.4 93.0 56.0 37.0 85.0 29.0 6.4 95.0 
 Come by Chance 73.9 11.2 12.9 29.4 94.0 57.0 42.0 75.0 40.0 6.5 101.0 
 Wagga Wagga 70.2 10.0 11.8 20.7 97.0 63.0 34.0 105.0 42.0 5.7 87.5 
 Wagga Wagga 70.1 10.4 11.8 20.8 69.0 48.0 21.0 81.0 33.0 5.7 89.6 
 Coolah 73.2 11.1 13.6 25.6 193.0 117.0 76.0 217.0 100.0 5.3 52.8 
 Coolah 73.1 11.9 14.0 25.5 199.0 121.0 78.0 216.0 95.0 5.4 86.3 
 Bullarah 71.1 10.2 11.4 22.4 79.0 44.0 35.0 64.0 20.0 5.2 89.6 
 Bullarah 71.0 10.5 12.5 22.5 83.0 38.0 45.0 63.0 25.0 5.2 89.7 
 Bellata 72.1 10.2 11.9 25.7 166.0 104.0 62.0 171.0 67.0 5.5 95.0 
 Bellata 72.6 11.3 12.9 25.6 181.0 113.0 68.0 178.0 65.0 5.5 94.4 
 Spring Ridge 75.0 10.5 13.1 30.4 232.0 157.0 75.0 259.0 102.0 5.5 94.5 
 Spring Ridge 74.6 10.3 12.9 30.4 220.0 147.0 73.0 245.0 98.0 5.5 95.3 
 Merriwagga 77.9 9.0 10.7 N/A N/A N/A N/A N/A N/A N/A N/A 
 Merriwagga 78.5 9.2 11.3 N/A N/A N/A N/A N/A N/A N/A N/A 
 Condobolin 69.7 10.7 12.3 20.1 191.0 115.0 76.0 168.0 53.0 5.3 61.1 
 Condobolin 69.3 10.0 11.7 20.0 194.0 117.0 77.0 172.0 55.0 5.3 95.3 
 Lockhart 70.4 9.0 11.0 20.7 161.0 111.0 50.0 178.0 67.0 5.7 95.0 
 Lockhart 69.5 10.1 11.8 20.6 180.0 128.0 52.0 200.0 72.0 5.5 94.9 
 Beckom 66.5 11.5 13.0 20.6 163.0 99.0 64.0 178.0 79.0 5.3 73.5 
 Beckom 66.0 11.3 13.3 20.6 168.0 100.0 68.0 168.0 68.0 5.4 79.2 
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Appendix 2 (continued): Data for total starch, flour swelling power, starch swelling power, total amylose (T-AM) and 
RVA parameters of starch from three wheat varieties grown in different locations in 2010 season 
Varieties Locations Starch FSP SSP T-AM PV TV BD FV SB PKT PT 
Peake Canowindra 74.2 11.8 11.8 34.9 184.0 127.0 57.0 202.0 75.0 5.7 79.0 
 Canowindra 73.7 10.9 10.9 34.9 190.0 136.0 52.0 205.0 65.0 5.7 68.2 
 Wagga Wagga 68.7 9.7 11.2 32.0 131.0 84.0 47.0 133.0 49.0 6.2 78.9 
 Wagga Wagga 67.9 10.6 11.7 31.9 136.0 92.0 44.0 155.0 63.0 5.5 78.9 
 Coolah 69.9 9.9 11.5 32.5 182.0 112.0 70.0 197.0 85.0 5.7 95.2 
 Coolah 69.7 9.8 11.2 32.4 191.0 126.0 65.0 200.0 74.0 5.5 84.8 
 Spring Ridge 70.9 8.6 10.0 32.9 92.0 37.0 55.0 93.0 56.0 5.3 94..78 
 Spring Ridge 70.6 9.8 10.9 32.9 106.0 42.0 64.0 85.0 43.0 5.5 94.9 
 Merriwagga 64.6 8.6 10.4 29.5 261.0 157.0 104.0 247.0 90.0 5.6 50.1 
 Merriwagga 63.6 8.3 10.0 29.4 256.0 166.0 90.0 264.0 98.0 5.4 67.7 
 Condobolin 66.7 7.5 9.4 30.6 51.0 18.0 33.0 45.0 27.0 5.3 74.3 
 Condobolin 65.3 8.6 10.3 30.9 49.0 9.0 40.0 34.0 25.0 5.1 74.5 
 Lockhart 68.6 8.6 10.2 31.9 146.0 95.0 51.0 164.0 69.0 6.7 64.5 
 Lockhart 67.5 8.2 10.0 31.8 129.0 102.0 27.0 162.0 60.0 6.1 94.9 
 Beckom 68.1 9.0 10.5 31.4 138.0 103.0 35.0 180.0 77.0 5.9 56.6 
 Beckom 67.2 9.0 10.8 31.3 175.0 114.0 61.0 184.0 70.0 5.9 77.4 
Abbreviations and units: Starch, total starch (%); FSP, flour swelling power (g/g); SSP, starch swelling power (g/g); T-AM, total amylose (%); 
PV, peak viscosity (cP) ; TV(cP) , trough viscosity (cP); BD, breakdown viscosity (cP); FV, final viscosity (cP); SB, setback viscosity (cP); 
PKT, peak time (min) ; PT, paste temperature (°C).  
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Appendix 3: Data for D-xylose, arabinose, arabinose to xylose ratio, T-AX (Megazyme method), T-AX (Orcinol-HCl method), WU-AX 
and WE-AX of three wheat varieties grown in multiple locations in NSW in 2010. 
Varieties Locations D-xylose Arabinose A/X T-AX (Megazyme) T-AX (Orcinol) WE-AX WU-AX 
Gregory Goonumbla 3.7 2.3 0.6 5.9 8.3 0.1 8.2 
 Goonumbla 3.7 2.3 0.6 5.9 7.4 0.1 7.3 
 Come by Chance 4.4 2.7 0.6 7.1 5.5 0.1 5.4 
 Come by Chance 4.4 2.7 0.6 7.1 6.0 0.1 5.9 
 Canowindra 3.7 2.3 0.6 5.9 5.4 0.1 5.2 
 Canowindra 3.7 2.3 0.6 5.9 5.9 0.1 5.8 
 Wagga Wagga 3.7 2.3 0.6 5.9 5.8 0.1 5.7 
 Wagga Wagga 3.7 2.3 0.6 5.9 5.5 0.1 5.4 
 Coolah 3.7 2.3 0.6 5.9 8.6 0.1 8.5 
 Coolah 3.7 2.3 0.6 5.9 7.2 0.1 7.1 
 Bullarah 4.4 2.7 0.6 7.1 6.6 0.1 6.5 
 Bullarah 4.4 2.7 0.6 7.1 5.4 0.1 5.3 
 Bellata 4.4 2.7 0.6 7.1 6.8 0.1 6.7 
 Bellata 4.4 2.7 0.6 7.1 8.2 0.1 8.1 
 Coonamble 4.4 2.7 0.6 7.1 7.8 0.1 7.7 
 Coonamble 4.4 2.7 0.6 7.1 7.6 0.1 7.5 
 Spring Ridge 3.7 2.3 0.6 5.9 6.6 0.2 6.4 
 Spring Ridge 3.7 2.3 0.6 5.9 6.2 0.2 6.0 
 Merriwagga 3.7 2.3 0.6 5.9 6.2 0.1 6.1 
 Merriwagga 3.7 2.3 0.6 5.9 6.3 0.1 6.2 
 Condobolin 3.7 2.3 0.6 5.9 6.0 0.1 5.9 
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Appendix 3 (continued): Data for D-xylos, arabinose, arabinose to xylose ratio, T-AX (Megazyme method), T-AX (Orcinol-HCl 
method), WU-AX and WE-AX of three wheat varieties grown in different locations in 2010 season 
Varieties Locations D-xylose Arabinose A/X T-AX (Megaxyme) T-AX (Orcinol) WE-AX WU-AX 
 Condobolin 3.7 2.3 0.6 5.9 5.0 0.1 4.9 
 Lockhart 4.4 2.7 0.6 7.1 5.8 0.1 5.7 
 Lockhart 4.4 2.7 0.6 7.1 6.9 0.1 6.8 
 Beckom 3.7 2.3 0.6 5.9 7.4 0.1 7.3 
 Beckom 3.7 2.3 0.6 5.9 6.5 0.1 6.3 
Janz Goonumbla 3.2 2.0 0.6 5.1 5.0 0.1 4.8 
 Goonumbla 3.2 2.0 0.6 5.1 6.0 0.1 5.9 
 Come by Chance 3.2 2.0 0.6 5.1 7.2 0.1 7.1 
 Come by Chance 3.2 2.0 0.6 5.1 6.7 0.1 6.6 
 Wagga Wagga 3.2 2.0 0.6 5.1 6.4 0.1 6.3 
 Wagga Wagga 3.2 2.0 0.6 5.1 5.4 0.1 5.3 
 Coolah 3.2 2.0 0.6 5.1 6.8 0.1 6.7 
 Coolah 3.2 2.0 0.6 5.1 6.7 0.1 6.6 
 Bullarah 3.9 2.4 0.6 6.3 7.1 0.1 7.0 
 Bullarah 3.9 2.4 0.6 6.3 5.9 0.1 5.8 
 Bellata 3.9 2.4 0.6 6.3 5.4 0.1 5.3 
 Bellata 3.9 2.4 0.6 6.3 4.5 0.1 4.4 
 Spring Ridge 3.2 2.0 0.6 5.1 6.2 0.1 6.1 
 Spring Ridge 3.2 2.0 0.6 5.1 6.5 0.1 6.4 
 Merriwagga 3.9 2.4 0.6 6.3 6.4 0.1 6.3 
 Merriwagga 3.9 2.4 0.6 6.3 6.8 0.1 6.7 
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Appendix 3 (continued): Data for D-xylos, arabinose, arabinose to xylose ratio, T-AX (Megazyme method), T-AX (Orcinol-HCl 
method), WU-AX and WE-AX of three wheat varieties grown in different locations in 2010 season 
Varieties Locations D-xylose Arabinose A/X T-AX (Megaxyme) T-AX (Orcinol) WE-AX WU-AX 
 Condobolin 3.2 2.0 0.6 5.1 7.1 0.1 7.0 
 Condobolin 3.2 2.0 0.6 5.1 8.2 0.1 8.1 
 Lockhart 3.2 2.0 0.6 5.1 4.6 0.1 4.5 
 Lockhart 3.2 2.0 0.6 5.1 4.9 0.1 4.7 
 Beckom 3.2 2.0 0.6 5.1 7.2 0.1 7.1 
 Beckom 3.2 2.0 0.6 5.1 6.3 0.1 6.2 
Peake Canowindra 1.5 0.9 0.6 2.4 2.3 0.1 2.2 
 Canowindra 1.5 0.9 0.6 2.4 2.8 0.1 2.6 
 Wagga Wagga 1.5 0.9 0.6 2.4 2.7 0.1 2.6 
 Wagga Wagga 1.5 0.9 0.6 2.4 3.1 0.1 3.0 
 Coolah 2.2 1.3 0.6 3.5 2.0 0.1 1.8 
 Coolah 2.2 1.3 0.6 3.5 2.5 0.1 2.4 
 Spring Ridge 1.5 0.9 0.6 2.4 1.9 0.2 1.7 
 Spring Ridge 1.5 0.9 0.6 2.4 3.0 0.1 2.9 
 Merriwagga 2.2 1.3 0.6 3.5 2.3 0.1 2.2 
 Merriwagga 2.2 1.3 0.6 3.5 4.0 0.1 3.9 
 Condobolin 1.5 0.9 0.6 2.4 2.9 0.1 2.8 
 Condobolin 1.5 0.9 0.6 2.4 4.0 0.1 3.9 
 Lockhart 2.2 1.3 0.6 3.5 3.3 0.1 3.1 
 Lockhart 2.2 1.3 0.6 3.5 2.9 0.1 2.8 
 Beckom 1.5 0.9 0.6 2.4 3.4 0.1 3.3 
 Beckom 1.5 0.9 0.6 2.4 4.0 0.1 3.9 
Abbreviations: A/X, arabinose to xylose ratio. All measurements are in percentages.  
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Appendix 4: Data for free phenolic acids (µg/g) of three whole meal wheat varieties 
grown in multiple locations in NSW in 2010 (triplicate measurements)  
Varieties Locations Conc. Conc. Conc. M 
Gregory Goonumbla 675.3 671.0 682.4 676.2 
 Come by chance 804.0 925.7 893.7 874.5 
 Canowindra 794.3 732.9 739.4 755.5 
 Wagga Wagga 924.1 965.3 943.1 944.2 
 Coolah 940.4 989.2 887.1 938.9 
 Bullarah 830.7 897.5 920.3 882.8 
 Bellata 925.7 890.9 804.0 873.6 
 Coonamble 813.3 857.8 875.7 848.9 
 Spring Ridge 624.3 726.9 709.0 686.7 
 Merriwagga 639.5 628.1 618.3 628.6 
 Condobolin 742.7 949.1 808.9 833.6 
 Lockhart 663.9 725.8 691.6 693.8 
 Beckom 706.8 751.4 744.3 734.2 
Janz Goonumbla 145.8 146.4 144.7 145.6 
 Come by chance 124.1 128.5 123.6 125.4 
 Wagga Wagga 102.4 101.8 103.5 102.6 
 Coolah 175.7 175.2 172.4 174.4 
 Bullarah 120.3 118.1 118.7 119.0 
 Bellata 69.8 69.3 71.4 70.2 
 Spring Ridge 129.0 117.6 138.2 128.3 
 Merriwagga 129.5 122.5 128.5 126.8 
 Condobolin 13.3 10.1 14.4 12.6 
 Lockhart 104.6 102.4 105.1 104.0 
 Beckom 96.4 97.5 97.0 97.0 
Peake Canowindra 281.6 282.7 281.6 282.0 
 Wagga Wagga 281.1 281.1 281.1 281.1 
 Coolah 325.6 324.5 325.6 325.2 
 Spring Ridge 335.4 336.5 335.4 335.7 
 Merriwagga 346.8 346.2 346.8 346.6 
 Condobolin 310.9 311.5 310.9 311.1 
 Lockhart 244.7 243.0 244.7 244.1 
 Beckom 243.6 244.7 243.6 243.9 
Abbreviations: Conc., concentration; M, average. 
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Appendix 5: Data for conjugated phenolic acids (µg/g) of three whole meal wheat 
varieties grown in multiple locations in NSW in 2010 (triplicate measurements)  
Varieties Locations Conc. Conc. Conc. M 
Gregory Goonumbla 637.3 656.3 663.9 652.5 
 Come by chance 609.6 644.9 627.0 627.2 
 Canowindra 417.4 346.2 419.5 394.4 
 Wagga Wagga 540.7 546.6 439.1 508.8 
 Coolah 637.9 592.8 641.7 624.1 
 Bullarah 761.7 742.7 753.5 752.6 
 Bellata 510.8 492.9 471.1 491.6 
 Coonamble 954.5 965.3 1004.4 974.8 
 Spring Ridge 840.4 874.1 856.7 857.1 
 Merriwagga 655.8 644.9 689.5 663.4 
 Condobolin 592.2 591.7 606.9 597.0 
 Lockhart 666.6 655.8 683.5 668.6 
 Beckom 586.3 574.3 563.5 574.7 
Janz Goonumbla 310.4 311.5 292.5 304.8 
 Come by chance 762.8 760.6 759.0 760.8 
 Wagga Wagga 521.1 522.2 520.0 521.1 
 Coolah 574.3 578.7 565.1 572.7 
 Bullarah 655.8 677.5 672.1 668.5 
 Bellata 655.8 658.5 659.6 658.0 
 Spring Ridge 259.9 261.5 259.9 260.4 
 Merriwagga 672.1 677.0 672.1 673.7 
 Condobolin 772.0 772.5 769.8 771.5 
 Lockhart 600.9 596.6 597.7 598.4 
 Beckom 732.4 754.1 753.5 746.7 
Peake Canowindra 483.6 482.0 483.1 482.9 
 Wagga Wagga 466.8 465.7 465.7 466.1 
 Coolah 485.3 487.4 486.3 486.3 
 Spring Ridge 449.4 448.3 449.4 449.1 
 Merriwagga 449.4 450.5 449.4 449.8 
 Condobolin 567.8 568.9 566.2 567.6 
 Lockhart 690.5 688.4 688.9 689.3 
 Beckom 413.0 414.1 416.8 414.7 
Abbreviations: Conc., concentration; M, average. 
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Appendix 6: Data for bound phenolic acids (µg/g) of three whole meal wheat varieties 
grown in multiple locations in NSW in 2010 (triplicate measurements). 
Varieties Locations Conc. Conc. Conc. M 
Gregory Goonumbla 449.4 521.6 429.9 467.0 
 Come by chance 451.0 464.1 430.4 448.5 
 Canowindra 547.2 524.9 490.7 520.9 
 Wagga Wagga 456.5 477.7 402.2 445.4 
 Coolah 539.0 617.8 522.2 559.7 
 Bullarah 459.7 438.6 411.9 436.7 
 Bellata 459.2 470.6 434.2 454.7 
 Coonamble 392.9 432.0 334.8 386.6 
 Spring Ridge 427.7 452.7 457.0 445.8 
 Merriwagga 438.6 443.4 519.5 467.2 
 Condobolin 491.2 584.6 574.9 550.2 
 Lockhart 511.3 503.7 575.4 530.2 
 Beckom 392.9 439.6 495.0 442.5 
Janz Goonumbla 1071.8 1068.5 1070.7 1070.3 
 Come by chance 888.2 892.0 889.3 889.9 
 Wagga Wagga 719.9 715.5 720.4 718.6 
 Coolah 741.6 738.9 736.7 739.1 
 Bullarah 1166.8 1177.7 1156.5 1167.0 
 Bellata 806.8 806.2 807.3 806.8 
 Spring Ridge 858.4 856.7 855.1 856.7 
 Merriwagga 806.8 808.4 807.8 807.7 
 Condobolin 1006.6 1010.4 1003.4 1006.8 
 Lockhart 873.0 873.0 889.3 878.4 
 Beckom 1146.2 1146.7 1125.0 1139.3 
Peake Canowindra 563.5 564.0 563.5 563.6 
 Wagga Wagga 640.0 642.8 629.7 637.5 
 Coolah 661.2 664.5 663.9 663.2 
 Spring Ridge 1177.7 1176.6 1175.5 1176.6 
 Merriwagga 1300.4 1299.9 1296.6 1299.0 
 Condobolin 533.6 530.9 532.0 532.1 
 Lockhart 803.0 781.8 789.4 791.4 
 Beckom 598.8 597.7 598.8 598.4 
Abbreviations: Conc., concentration; M, average.      
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Appendix 7: Data for total phenolic acids (µg/g) of three whole meal wheat varieties 
grown in multiple locations in NSW in 2010 (triplicate measurements). 
Varieties Locations Total phenolic acids  
Gregory Goonumbla 1795.7 
 Come by chance 1950.2 
 Canowindra 1670.8 
 Wagga Wagga 1898.4 
 Coolah 2122.7 
 Bullarah 2072.2 
 Bellata 1819.8 
 Coonamble 2210.3 
 Spring Ridge 1989.6 
 Merriwagga 1759.2 
 Condobolin 1980.8 
 Lockhart 1892.6 
 Beckom 1751.4 
Janz Goonumbla 1520.8 
 Come by chance 1776.0 
 Wagga Wagga 1342.3 
 Coolah 1486.2 
 Bullarah 1954.5 
 Bellata 1534.9 
 Spring Ridge 1245.4 
 Merriwagga 1608.2 
 Condobolin 1790.9 
 Lockhart 1580.9 
 Beckom 1982.9 
Peake Canowindra 1328.5 
 Wagga Wagga 1384.6 
 Coolah 1474.8 
 Spring Ridge 1961.4 
 Merriwagga 2095.3 
 Condobolin 1410.9 
 Lockhart 1724.8 
 Beckom 1257.0 
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Appendix 8: Data for free phenolic acids (µg/g) of two whole meal wheat varieties 
grown in seven locations in NSW in 2012 (triplicate measurements). 
Varieties Locations Conc. Conc. Conc. M 
Gregory Goonumbla 1025.1 1019.7 1025.1 1023.3 
 Wagga Wagga 992.5 987.1 981.6 987.1 
 Coolah 987.1 987.1 992.5 988.9 
 Bullarah 1079.4 1074.0 1079.4 1077.6 
 Spring Ridge 1025.1 1030.5 1030.5 1028.7 
 Lockhart 916.5 924.1 916.5 919.0 
 Beckom 1079.4 1084.8 1090.3 1084.8 
Janz Goonumbla 929.5 932.8 927.3 929.9 
 Wagga Wagga 1122.8 1122.8 1125.0 1123.6 
 Coolah 1123.4 1122.8 1125.0 1123.7 
 Bullarah 850.2 849.7 849.1 849.7 
 Spring Ridge 1158.1 1158.7 1158.7 1158.5 
 Lockhart 1313.5 1314.0 1312.9 1313.5 
 Beckom 881.7 881.2 880.1 881.0 
 
Appendix 9: Data for conjugated phenolic acids (µg/g) of two whole meal wheat 
varieties grown in seven locations in NSW in 2012 (triplicate measurements). 
Varieties Locations Conc. Conce. Conc. M 
Gregory Goonumbla 469.0 469.5 469.5 469.3 
 Wagga Wagga 438.6 438.0 438.0 438.2 
 Coolah 411.9 411.4 411.9 411.8 
 Bullarah 496.1 495.6 495.6 495.8 
 Spring Ridge 484.7 484.2 484.7 484.5 
 Lockhart 454.8 454.8 454.3 454.7 
 Beckom 356.5 356.5 356.0 356.4 
Janz Goonumbla 306.6 306.0 307.7 306.8 
 Wagga Wagga 249.0 248.5 249.0 248.8 
 Coolah 225.7 226.2 225.7 225.8 
 Bullarah 271.3 272.4 270.7 271.5 
 Spring Ridge 196.9 195.8 196.3 196.3 
 Lockhart 206.1 205.0 205.6 205.6 
 Beckom 189.8 188.7 189.8 189.5 
Abbreviations: Conc., concentration; M, average. 
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Appendix 10: Data for bound phenolic acids (µg/g) of two whole meal wheat varieties 
grown in seven locations in NSW in 2012 (triplicate measurements). 
Varieties Locations Conc. Conc. Conc. M 
Gregory Goonumbla 694.9 688.4 688.4 690.5 
 Wagga Wagga 590.6 585.2 590.6 588.8 
 Coolah 590.1 590.6 585.2 588.6 
 Bullarah 601.5 607.5 606.9 605.3 
 Spring Ridge 702.5 699.2 693.8 698.5 
 Lockhart 696.5 693.8 699.2 696.5 
 Beckom 602.6 596.0 596.0 598.2 
Janz Goonumbla 570.0 570.5 571.1 570.5 
 Wagga Wagga 493.9 492.9 492.3 493.0 
 Coolah 341.9 340.8 342.4 341.7 
 Bullarah 576.0 574.9 574.3 575.0 
 Spring Ridge 657.4 656.3 655.8 656.5 
 Lockhart 700.9 699.8 699.2 700.0 
 Beckom 704.1 703.6 705.2 704.3 
Abbreviations: Conc., concentration; M, average. 
 
Appendix 11: Data for total phenolic acids (µg/g) of two whole meal wheat varieties 
grown in seven locations in NSW in 2012 (average of three replicates) 
Varieties Locations Total phenolic acids 2012 
Gregory Goonumbla 2183.1 
 Wagga Wagga 2014.1 
 Coolah 1989.3 
 Bullarah 2178.6 
 Spring Ridge 2211.7 
 Lockhart 2070.2 
 Beckom 2039.4 
Janz Goonumbla 1807.1 
 Wagga Wagga 1865.4 
 Coolah 1691.3 
 Bullarah 1696.2 
 Spring Ridge 2011.3 
 Lockhart 2219.0 
 Beckom 1774.7 
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Appendix 12: Mean concentrations (µg/g) of phenolic acid compositions of Gregory and Janz whole meal wheat varieties for 2010 and 2012 seasons 
 4-hydroxybenzoic p-coumaric Vanillic Caffeic Ferulic Syringic Sinapic 
Goonumbla - free - 2010 0.0 0.0 0.5 0.0 0.4 0.3 0.1 
Wagga Wagga – free - 2010 0.1 0.0 0.8 0.0 0.7 0.5 0.0 
Coolah – free - 2010 0.1 0.0 0.9 0.0 0.5 0.4 0.0 
Bullarah – free - 2010 0.0 0.0 0.5 0.0 0.3 0.2 0.0 
Spring Ridge – free - 2010 0.0 0.0 0.5 0.0 0.2 0.2 0.0 
Lockhart – free - 2010 0.1 0.0 0.5 0.0 0.3 0.3 0.0 
Beckom – free - 2010 0.1 0.0 0.7 0.0 0.4 0.4 0.0 
Goonumbla – free - 2012 0.0 0.0 0.3 0.0 0.1 0.1 0.0 
Wagga Wagga – free - 2012 0.1 0.0 0.3 0.0 0.2 0.1 0.0 
Coolah – free - 2012 0.0 0.0 0.3 0.0 0.2 0.1 0.0 
Bullarah – free - 2012 0.1 0.0 0.4 0.0 0.2 0.1 0.0 
Spring Ridge – free - 2012 0.0 0.0 0.2 0.0 0.1 0.1 0.0 
Lockhart – free - 2012 0.1 0.0 0.3 0.0 0.1 0.1 0.0 
Beckom – free - 2012 0.0 0.0 0.2 0.0 0.1 0.1 0.0 
Goonumbla – conj - 2010 1.7 0.4 4.3 0.2 12.4 3.8 25.2 
Wagga Wagga – conj - 2010 1.5 0.3 4.8 0.1 11.1 3.7 18.6 
Coolah – conj - 2010 1.8 0.6 4.6 0.3 16.7 3.7 25.9 
Bullurah – conj - 2010 1.6 0.7 4.8 0.2 11.7 4.2 21.1 
Spring Ridge – conj - 2010 1.4 0.4 3.9 0.2 9.8 3.3 14.0 
Lockhart – conj - 2010 1.4 0.5 4.0 0.1 11.3 3.8 18.0 
Beckom – conj - 2010 1.4 0.4 4.9 0.0 10.9 4.3 17.9 
Goonumbla – conj - 2012 1.6 1.4 4.1 0.0 14.8 2.9 13.1 
Wagga Wagga – conj - 2012 1.8 1.4 5.0 0.1 17.0 4.1 21.8 
Coolah – conj - 2012 1.7 0.7 4.2 0.0 14.0 3.3 16.0 
Bullurah – conj - 2012 2.1 2.7 6.8 0.0 20.2 4.6 13.6 
 220 
 
Appendix 12: Mean concentrations (µg/g) of phenolic acid compositions of Gregory and Janz whole meal wheat varieties for 2010 and 
2012 seasons (continued) 
Spring Ridge - conj - 2012 1.5 0.6 4.5 0.0 10.6 3.3 11.3 
Lockhart – conj - 2012 1.7 0.8 5.3 0.0 13.2 3.8 17.5 
Beckom - conj - 2012 1.6 1.5 4.4 0.0 13.8 3.4 18.0 
Goonumbla - bound - 2010 1.4 6.6 2.7 0.1 396.0 2.3 9.2 
Wagga Wagga - bound - 2010 1.9 5.3 3.3 0.1 340.8 2.9 10.1 
Coolah - bound - 2010 1.6 5.9 2.4 0.1 366.9 2.4 8.3 
Bullurah - bound - 2010 1.3 7.0 2.3 0.1 295.8 2.3 6.4 
Spring Ridge - bound - 2010 1.5 5.2 2.8 0.1 337.6 2.4 7.0 
Lockhart - bound - 2010 1.5 4.9 2.5 0.0 296.5 2.4 7.4 
Beckom- bound - 2010 1.5 5.8 3.0 0.4 353.9 3.1 9.8 
Goonumbla - bound - 012 1.3 7.1 2.5 1.6 284.7 1.9 9.0 
Wagga - bound - 2012 1.3 4.9 2.9 2.5 269.4 2.2 8.5 
Coolah - bound - 2012 1.3 6.4 2.4 1.8 275.8 1.9 7.0 
Bullurah - bound - 2012 1.5 7.9 3.4 1.9 303.6 2.7 8.2 
Spring Ridge - bound - 2012 1.3 6.4 2.4 2.3 291.0 2.1 7.1 
Lockhart - bound - 2012 1.2 5.4 2.6 2.4 288.3 2.1 6.9 
Beckom - bound - 2012 1.1 6.1 2.5 2.5 289.4 1.8 7.6 
Abbreviations: conj, conjugated phenolic acid. 
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Appendix 13: Data for protein, test weight and yield provided from NVT of whole meal 
wheat flour from three wheat varieties grown in multiple locations in NSW in 2010. 
Varieties Locations Protein (%) Test weight (kg/hl) Yield (t/ha) 
Gregory Goonumbla 10.5 85.1 4.5 
 Come by Chance 10.4 79.9 4.3 
 Canowindra 11.5 72.3 3.7 
 Wagga Wagga 15.3 75.4 3.3 
 Coolah 11.8 73.9 4.8 
 Bullarah 12.1 82.0 2.9 
 Bellata 13.1 79.5 4.1 
 Coonamble 10.3 80.4 4.8 
 Spring Ridge 12.2 74.0 6.5 
 Merriwagga 12.7 81.8 3.4 
 Condobolin 11.9 82.5 4.1 
 Lockhart 13.4 76.8 4.0 
 Beckom 14.1 75.9 4.9 
Janz Goonumbla 10.3 83.7 3.9 
 Come by Chance 10.4 80.3 3.9 
 Wagga Wagga 14.9 73.5 2.0 
 Coolah 12.4 74.7 3.5 
 Bullarah 13.2 80.3 2.3 
 Bellata 13.9 78.1 3.0 
 Spring Ridge 12.0 74.2 5.6 
 Merriwagga 12.5 79.5 2.8 
 Condobolin 13.0 80.9 2.5 
 Lockhart 13.6 77.0 2.5 
 Beckom 13.9 75.6 3.8 
Peake Canowindra 13.0 67.4 2.6 
 Wagga Wagga 15.5 70.9 1.7 
 Coolah 15.0 69.6 1.8 
 Spring Ridge 13.3 70.6 5.2 
 Merriwagga 12.6 77.0 2.6 
 Condobolin 12.8 79.7 3.2 
 Lockhart 13.7 73.9 2.3 
 Beckom 14.4 72.3 3.6 
 
 
            
